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Executive Summary
The MagCal5 Helmholtz cage project is an interdisciplinary approach to provide the PolySat/CubeSat research lab
with a magnetic testing environment for the calibration of magnetic components and verification of various control
laws. The Cal Poly CubeSat organization is the home of the CubeSat Specification, and acts as a testing and
integration facility for CubeSats built by universities across the world. The PolySat organization is a CubeSat
developer that works with numerous industry partners to design, manufacture, and operate CubeSats to further
scientific advancement. The addition of a magnetic test stand to the lab will allow CubeSat to extend to the range of
testing it can provide to other universities and will allow PolySat to perform more extensive attitude determination
and control system testing on their CubeSats before they are put into orbit.
This project piggybacks a master’s thesis completed by Justin Foley in 2012, who developed a small-scale
functional cage as a proof of concept. This cage was capable of holding a 1U CubeSat, and was used on PolySat’s
CP-8 and CP-10 spacecraft to calibrate magnetometers. Recent damage to that cage, paired with expanding scopes
of PolySat’s missions, creates the need for a larger, more robust cage. The Helmholtz cage developed for this project
is large enough to hold and test a 12U CubeSat, yet collapsible such that storing it between uses is feasible. The cage
was constructed using more durable materials than the original cage to ensure its functionality for years to come.
The solution reached by the MagCal5 team is broken into structural, electrical, and software subsystems.
Structurally, a collapsible 4ft cubic cage will be capable of testing an assembled 12U CubeSat. The structure is
broken into the Helmholtz cage itself, the clean room box which houses the CubeSat during testing, and the pedestal,
that centers the clean room box in the cage and aligns the coordinate systems. A control box has been designed
containing three off-the-shelf H-bridge motor drivers to control the magnitude and the direction of the magnetic
fields in each of the three axes independently. These H-bridges are controlled using an ST microcontroller, and
receive commands from a dedicated raspberry pi work station. Users are able to upload CSV files to the cage
through the Raspberry Pi to define test profiles, which can then be sent to the cage.
The entirety of the cage was manufactured utilizing the Mustang ’60 Shop on campus. The assembly of the cage
took place in the high bay of the Bonderson Project Center. A cart was made to act as a work station, as well as
provide storage for the cage, clean room box, and pedestal while the cage is not in use. The control box houses the
raspberry pi, the control boards, and three power supplies within a computer case. Braided pairs lead from the
control box to the cage to reduce extra magnetic fields from being generated.
Mechanical testing of the pedestal showed that it could hold over 200 pounds, at least a factor of safety of 3 for a
12U CubeSat (~60lb), with negligible risk of tipping. The cleanroom box is completely sealed and latched such that
a cleanroom environment can be maintained out of the CubeSat cleanroom. Electrical testing showed that the
Helmholtz could produce a magnetic field as verified with a cell phone magnetometer. Testing was halted due to an
isolation issue in the off-the-shelf motor controllers, that caused ground loops, resulting in unexpected yet repeatable
current flow and eventual burning of wire insulation. New motor controllers are being investigated to correct this
issue.
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1.0 Introduction
1.1 Sponsor Background and Needs
The PolySat Magnetic Calibration Team, MagCal 5, is designing a Helmholtz cage for the calibration and
verification of magnetic components on CubeSats, namely magnetometers. CubeSats are small satellites developed
by a conglomeration of students and professionals as a relatively cheap way to perform experiments on orbit that do
not necessarily require a full sized spacecraft. PolySat is an on campus research lab that develops CubeSats, like
ExoCube pictured in Figure 1. As CubeSats become more popular and technology advances, the kinds of
experiments these satellites can complete become much more complex and can require a higher degree of attitude
(orientation) knowledge and control capability. Reading and reacting to Earth’s magnetic field is one way in which
this knowledge and pointing requirements can be obtained.

Figure 1. IPEX (CP8) & ExoCube (CP10): Examples of 1U & 3U CubeSats

A Helmholtz cage is a 3-axis magnetic field generator. The purpose of a Helmholtz cage is to cancel out Earth’s
local magnetic field in San Luis Obispo and superimpose orbital magnetic fields. With such an environment,
PolySat members will be able to calibrate the many magnetometers present on each CubeSat in one step, and run
simulations to test the response of magnetic actuators (magnetorquers) in response to a changing field. Further, they
will be able to better measure the effects of the satellites electronics on the readings of magnetometers, allowing
internal noise to be filtered out. All of these results will allow PolySat to develop more intricate satellites and better
understand the environmental conditions their CubeSats experience in orbit.
This project was overseen by engineering advisor Dr. James Widmann, and was primarily produced for Dr. Jordi
Puig-Suari and future PolySat members pursuing undergraduate and graduate degrees in various engineering and
technical science fields. The purpose of this document is to showcase our critical design and receive a customer
check off before moving onto the manufacturing phase.
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1.2 Formal Problem Definition
The objective of this project is to create a magnetic calibration device, i.e. a Helmholtz Cage, that can be used to
calibrate the magnetic sensors on CubeSats. It should be able to counteract the Earth’s local magnetic fields and
create a magnetic environment equivalent to what the satellite will experience in space orbit. This will allow PolySat
to calibrate and verify magnetometers and Attitude Determination Control System (ADCS) control laws for its
future missions. The device will leverage the multidisciplinary skills of the group and ultimately be more
mechanically, electrically, and software resilient than PolySat’s prior Helmholtz cage, built as an individual’s thesis.
The device should also be easy to transport between different buildings and rooms on Cal Poly’s campus, and
provide a clean environment for flight hardware. In addition to testing PolySat’s CubeSats, this cage could allow
Cal Poly become a CubeSat magnetic testing hub for universities around the country in the same way that it’s
vibrations and thermal vacuum testbeds are.
The Helmholtz Cage will interface with a nearby workstation that will be operated by a PolySat engineer. STK is a
commonly used modeling software that serves as the bridge between the user and the cage. However, as simplicity
is an objective, both STK and MATLAB were cut from the development process upon realizing that a self-contained
GUI in a language of our choice would not only be more feasible to develop, but more user-friendly. The device will
feature a custom control board that is capable of setting the magnetic field that it produces to user specified levels, as
shown in Appendix C.2. Higher level decisions and user interactions will take place on a larger workstation capable
of making large magnetic field calculations and capable of providing a more robust user experience. The
communication between the workstation should be done in such a way that either component can be easily replaced
or upgraded.
In order to make the Helmholtz cage easy to use, the software should include its own, intuitive, user interface, and a
self-contained software stack to interface with the cage. At the top of the software stack is a user interface that
allows users to specify their mission, set start and stop times for their simulation, scrub through their mission with a
slider, calibrate the device with a guide, and start and stop their simulation. Underneath the interface layer, the
software will to calculate an orbit from mission parameters, and then use a model of earth's magnetic field to plan a
simulation. A communications layer will be used to control the cage and execute simulation. From a UX standpoint,
the device needs to be usable to aerospace engineers with limited software experience. It should be easy to train
newer members on using the device correctly.
A QFD analysis was completed to determine our engineering requirements based on our customer inputs and
competitors’ benchmarks. This analysis can be found in Appendix B.2. We started with a list of the customer
requirements, listed on left side, and weighted them to the customers’ requests. From there we created technical
requirements and noted strong, medium, and weak correlations between the rows and columns. Then we assigned
nominal values for each correlation, and found a weighted value for each technical requirement, seen along the
bottom of the QFD chart. The most important requirement from this analysis was having the cage capable of
supporting a 60lb satellite, and creating a uniform magnetic field large enough for a 12U CubeSat, approximately
24cmx24cmx38cm. We will focus most our design around these requirements, and the remaining requirements as
prioritized by these values. Our technical specifications are listed below, with target values and tolerances.
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1.3 Design Specifications
Working through the problem definition above, we worked out a complete list of customer requirements as well as
interpreted engineering requirements from them. The complete list can be found in Appendix B.1, with a summary
of the main requirements in Table 1. We further deduced risks involved with not meeting each specification. As we
have moved through our design to this point we have repeatedly checked that these specifications have been met. In
Section 5 we will discuss how we will verify these specifications in our final design.
Table 1. Technical Specifications

Spec
#

Parameter Description

Requirement or Target
(units)

Tolerance

Risk

1

Generated Field Strength
Range

100 μT

Min

Inaccurate Simulations

2

Magnetic Vector Accuracy

+/- .5uT

N/A

Inaccurate Calibrations

3

Size

36cm Uniform Field

+/-1cm

Inaccurate Calibrations

4

Budget

$3800

Max

Not finishing Project

5

Power

500 W

Max

Unsafe Work
Conditions

6

Satellite Weight

60lb

Min

Satellite Destruction
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1.4 Acronyms and Abbreviations
#U
A
ADCS
AWG
Cal Poly
CDR
CNC
COM
COTS
CSV
FTDI
GUI
IPS
MagCal 5
MATLAB
MPN
PCB
PDR
PVC
PWM
RS
STK
T
TCP / IP
UART
USB
V

CubeSat satellite unit of (#) size, 10cmX10cmx10cm cube
Ampere
Attitude Determination and Control System
American Wire Gauge
California Polytechnic State University, San Luis Obispo
Critical Design Review
Computer Numerical Control
Computer-On-Module
Commercial Off-The-Shelf
Comma-Separated Values
Future Technology Devices International
Graphical User Interface
In-Plane Switching
Magnetic Calibration 5 Task Force
Matrix Laboratory
Manufacturer Part Number
Printed Circuit Board
Preliminary Design Review
Polyvinyl Chloride
Pulse Width Modulation
Recommended Standard
System Tool Kit: Analytical Graphics, Inc.
Tesla
Transmission Control Protocol / Internet Protocol
Universal Asynchronous Receiver / Transmitter
Universal Serial Bus
Volt
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2.0 Background
Helmholtz cages are an industry standardized method of calibrating the magnetic behavior of satellites. PolySat had
a Helmholtz cage designed by Justin Foley for his master’s thesis [3]. The project was completed in 2012, maintained
a volume large enough for a 1U CubeSat, and has since broken. Figure 2 depicts the current state of PolySat’s
Helmholtz Cage, which was primarily held together with wooden dowels and hot glue. The PolySat Magnetic
Calibration 5 team will make an improved version of Foley’s model. Improvements include automated magnetic
field calibration, the ability to house at least a 12U CubeSat, and an easy to use GUI which accepts orbital inputs.

Figure 2. PolySat’s current obsolete Helmholtz cage

A Helmholtz cage is capable of producing a magnetic dipole vector in any direction through the use of three
orthogonal sets of coils. When current is run through these coils, a magnetic field is induced inside the coil, normal
to the plane of the coil, as given by:
4 3/2 𝜇𝑜 𝑛𝑙
𝐵=( )
5
𝑅
Equation 1. Magnetic field of coil with current

for a spherical cage, where n is the number of turns per coil, I is the current, and R is the radius[3]. By carefully
controlling the current through the three sets of coils in relation to each other, a magnetic dipole can be achieved
with any desired direction. Helmholtz cages have been designed using many different shaped coils (e.g. circular,
square, octagonal) and different numbers of coils in each axis (e.g. 2, 4). These design decisions impact the strength
and uniformity of the magnetic field generated, as well as the manufacturability of the cage. We traded these
various options to produce the most efficient (i.e. cost, power, size) Helmholtz cage specialized to PolySat’s usage.
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2.1 Existing Models
2.1.1 Air Force Institute of Technology
The Air Force Institute of Technology has created a similar Helmholtz Cage [4], with the user interfacing achieved
via a MATLAB script which opens an STK ‘scenario,’ subsequently accounting for the ambient magnetic field
gathered by the truth magnetometer, individually calculating each coil’s requisite current to obtain the scenario’s
desired geomagnetic field, utilizing gpib (STK library) to calibrate the coils, and finally verification of the end result
to the expected result. The algorithm, coded into the Arduino platform on the tested CubeSat model, allows for raw
data to be stored to the workstation for future analysis. While MagCal 5 is currently aiming for a spherical cage for
optimization purposes, the team will likely seek to emulate the software integration technique of the Air Force
Institute of Technology’s model. Due to its production as a work of the United States government, the practices
outlined are not subject to copyright protection.

Figure 3. Air Force Institute of Technology’s Helmholtz cage

2.1.2 Delft University of Technology [1]
The following are specifications of the Helmholtz cage developed by Delft University of Technology, pictured in
Figure 1:
→ Support structure of 2 m3 in size, composed of aluminum
→ Three sets of two 2 m2 coils: each with 80 windings and 2.2 mm diameter
→ Maximum current through coils of 10 amps at 30 volts
→ Six power supplies for individual coil control via RS-232 connection
→ Computer console to control and measure coil performance
→ Swivel to hang satellite (or any desired test item)
→ High resolution webcam for recording movement within the cage
→ 3-axis magnetometer
→ Located in cleanroom

Figure 4. Delft University Helmholtz Cage
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2.1.3 LightSail
The LightSail program[5], in which momentum is carried by photons such that a reflective sail moves by starlight
through space without worry in regards to fuel, is a mission involving 3U CubeSat spacecraft. While the logistics of
the satellite itself aren’t necessarily pertinent, part of the cycle of deploying it to space (overseen by Cal Poly)
involves Helmholtz cage calibrations, which weren’t done locally as a result of an inadequate incumbent model.
Current artificial magnetic field ADCS testing is typically conducted at sites such as the University of California,
Los Angeles (who hosts a hexagonal Helmholtz cage) or Utah State University. An objective of this project, detailed
later, will be to make Cal Poly a go-to location for Helmholtz cage testing.

Figure 5. LightSail set up in Cal Poly’s Bonderson Project Center

2.1.4 Macintyre Electronics Design Associates, Inc.[7]
Macintyre Electronics Design Associates (MEDA) sells Helmholtz cages for commercial use to cancel the
environmental ambient magnetic field and to provide precise stable magnetic fields in a control volume. The
commercial price is unknown. Their Helmholtz cage has the following specifications and features:
→ Three square concentric orthogonal Helmholtz coils available in 1,2 and 4 meters.
→ Automatic cancellation of ambient field.
→ 1 nT control volume null.
→ ±200,000 nT control field range.
→ 0.05% basic accuracy.
→ Maximum range of ±270,000 nT.
→ Control range of ±199,999 nT.
→ Resolution: 1 nT.
→ Accuracy: ±0.05% of setting.
→ Field Uniformity: less than 0.1% within a 13.9 inch diameter sphere about coil center.
→ Axis Orthogonality: ±0.1 degree maximum.
→ Overall Coil Size: 80 in x 80 in x 82 in.
→ Control Unit Size: 22.06 in W x 34.12 in H x 26.4 in D.
→ Operating Temperature: 0° C to 50° C.
→ Cost: Unknown.

Figure 6. Helmholtz cage produced by Macintyre Electronic Design Associates
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2.1.5 Massachusetts Institute of Technology Space Systems Laboratory [6]
The Merritt 4-Coil Helmholtz cage at MIT’s Space Systems Laboratory employs a 4 coil per axis system to
maximize the volume in which a uniform field is created within the Helmholtz cage, seen in Figure 2. This allows
for the calibration and testing of larger objects, i.e. satellites, without the need of a large apparatus. The 60”
rectangular cage has a 16-inch sphere, large enough for a 27U CubeSat in which the magnetic field is uniform to
within .1% of the desired field strength. One additional goal of this cage was to provide a microgravity environment
in which a CubeSat could rotate via its magnetic actuators. The first attempt involved a spherical air bearing. While
nearly frictionless, the air bearing is inherently unstable with a large, tall mass like a 3U CubeSat, basically an
inverted pendulum. Any movement in the horizontal plane allows gravity to overcome any force created by
magnetics. Further, air bearings are very expensive, and are very heavy. They resorted to the ‘piñata’ rig, first used
by Cal Poly’s ExoCube team, in which the CubeSat is suspended in the cage by a string to perform uniaxial tests.

Figure 7. Merritt 4 Coil Helmholtz Cage at MIT Space Systems Laboratory
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2.2 Existing Patents
There are currently only a few existing patents that concern the calibration of specific magnetic sensor devices
through the use of Helmholtz coils, and many are geared towards magnetic compensation processes. If the team is
able to invent a new process of calibration, it would be beneficial to try to patent the process. One existing patent is
US7436120B2, which covers a means to compensate a magnetic field using a feedback signal [1]. The claims covered
by this patent indicate that it describes a device used to compensate magnetic fields and the feedback calculations
used to sustain the compensation. The Helmholtz Cage that is to be designed will be used for calibrating sensors,
and likely can do little with this information that this patent provides.
Another related patent deals with the calibration of three-axis magnetometers, as the Helmholtz cage will be doing.
Patent US7259550B2 covers the design of a device used by CERN to calibrate their magnetic “sensor cards” [10]. The
device features moving coils and other rotating parts to calibrate specific card-shaped devices in a homogenous
magnetic field. While this patent contains information that could be useful for developing methods of field
generation, it does not meet the likely constraint of immovable coils, stationary sensors, and compact size. However,
there is relevant information in the document pertaining to the generation of homogenous magnetic fields for the
purpose of calibration.

Figure 8. The magnetic calibration device patented by CERN

Yet another related patent was granted to PNI Corp, an electronic sensor company for a method to automatically
calibrate a three axis compass [1]. An electronic compass is a specialized magnetometer. The processes described in
the patent relate to the use of two compasses to generate a characterization of their magnetic environment and
provide an accurate heading. The Helmholtz cage being designed will only be used to calibrate a single
magnetometer, meaning that most of the data in the patent document will be of little use. However, it is still possible
to see how distortion correction would be performed, which might be useful when creating the software that
calculates the magnetic field of the earth at a specified point in space along with the data necessary for compensating
the magnetic field currently in place at the device itself.
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3.0 Design Development
3.1 Concept Generation
3.1.1 Structural Ideation
The first question asked during the ideation phase was what the general form of the coils would be. There was very
little ideation to do with this topic, as the shape needs to be symmetric for the magnetic field to be uniform. We
created a list of possible shapes: circular, square, octahedral, all of which can be made into a 2 coil of 4 coil per axis
configuration.
From rough calculations in our background phase, we know that the rough size of the cage, regardless of shape, is
approximately 2.5 to 3.5 feet across to achieve the desired volume of field uniformity. This means that we need a
collapsible design to achieve the requirement of fitting through the PolySat / CubeSat cleanroom door. Our ideation
phase for cage collapsibility boiled down to three separate designs, a telescoping bar and block design, a single
motion folding cage, and a removable z axis folding design.
The telescoping block method was based on a block designed to route the coils of three axes very closely together,
minimizing the difference in size of coils, simplifying the control algorithms. These blocks were then connected
using a telescoping rod. This allowed the design to fold down to half of its size, well within the realm of fitting
through a door. The wires of the coils themselves would be placed in wire tracks or bundled in zip ties and stored
away from the cage in the collapsed state.

Figure 9. Corner block for telescoping Helmholtz cage

Figure 10. Telescoping block Helmholtz cage
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The two folding designs are based on the same X and Y coil design. We allowed rotation at the 4 intersections
between the coils, allowing the cage to distort into a diamond shape. The result it a cage that is narrower and longer
than the usable state, but capable of fitting through the door. With the X and Y coils worked out, we needed to
determine how the Z axis should compensate for the distortion. Our first thought was to hinge the four corners of the
Z coils. This creates a rhombus shape in the Z direction.

Figure 11. Collapsing cage conceptual sketch with folding Z-axis

Figure 12. Conceptual prototype of folding cage
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The second main solution to the Z axis coil in our foldable design was make the Z axis easy to remove, and storable
on one of the other two coils. This gets the Z axis out of the way from the X and Y folding modes, as well as
keeping the Z axis rigid, which is beneficial against fatigue failure. Stemming from this design was the need for a
way to mount the Z axis to the others in a quickly to remove manner. We went through the designs of several
spring-loaded stops and well as folding shelves.

Figure 13. Rigid Z coils (red) store on the side of one of the other axis during transportation

Figure 14. Methods for supporting the coils in a removable fashion

To allow our cage to effectively verify the ADCS, it must have a rotational mechanism. While this portion of the
Helmholtz cage was cut out of the scope, the ideation process may be helpful down the line should this capability
become necessary. Many concepts for rotational mechanisms were developed that allowed up to three degrees of
rotation. The first one thought of was the ‘piñata’ method which is a mechanism previously used by the PolySat
ExoCube team. Other concepts were variations of gimbals, air bearings and combinations of the two all with the
desire of achieving two or three degrees of freedom.
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Figure 15. Various rotational degree of freedom schemes

The ‘piñata’ method would be composed of a string hanging the CubeSat from the top of the cage. This would allow
the CubeSat to rotate freely in the z-axis about wherever you attach the string to the CubeSat. This method is simple
since the only limiting factor would be finding a string made of a strong enough material to withstand the weight of
the CubeSat which could be up to 60 lbs., and adding a bar from which to support it. The drawback would be that
verifying ADCS couldn’t all be done in one step, there would have to be three separate steps of rehanging the
satellite to have it rotate about its own X, Y and X axes.
The gimbal was going to be a fixture for the CubeSat made up of metal support structures and low-friction ball
bearings to eliminate the resistance to motion in up to three axes of rotation. This sort of device would be very hard
to manufacture as it requires large, rigid cylinders to hold on to the satellite during testing. An air bearing was
considered to be used as a way of allowing multiple degrees of freedom of the satellite while verifying the ADCS.
Studies on air bearings have reported a coefficient of friction lower than that of a ball bearing by a factor of 10. All
that is needed for an air bearing is an air compressor and a fixture that withstand the pressure from the air
compressor while providing an air film thick enough to allow no contact to the object being supported. An air
bearing could be in the form of two flat plates with one levitating on top of the other or a spherical air bearing could
be used which a ball is floating inside a bowl shaped support that has the compressed air flowing through it. For
both a gimbal and an air bearing, it’s ideal to get the COM of the object being levitated aligned with the axis or axes
of rotation of the gimbal or air bearing. This allows the inertia to be as small as possible which is important since the
satellite should be in a micro-gravity state.
Achieving a cleanroom environment within our Helmholtz cage opened the door for very little ideation, as it must
follow the standards for a class 100,000 cleanroom. With what freedom we did have, we considered hanging the
walls along the outside of the cage, or within the inner square formed between the intersections of the X and Y
coils. For the top and bottom we looked at designs consisting of interchangeable plates for deployed and stowed
states, as well as an elastic cover that could move with the cage as it transitioned from one state to another. A result
from our PDR presentation with our sponsor brought the idea of a clean room box to the table. This would be a
much smaller, easier to clean environment that allows the spacecraft to be kept clean outside of the clean room while
not having it installed in the cage.
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Figure 16. Top view of cage with cleanroom curtains (blue). Curtains may be hung between points 1, 2, 3, and 4

3.1.2 Electrical Ideation
A printed circuit board would need to be designed to interface with the software GUI and the physical cage. The
PCB will be populated with connectors to the computer, the power supplies, and the coils of the cage. A
microcontroller will interface the user inputs and communicate the current necessary to generate the desired
magnetic field per coil to the hardware. The microcontroller will control a current controller to regulate the current
to each coil for each axis. A feedback system will also be designed to minimize the effects of external noise.
Designing a power supply was also considered.
A wire gauge of 13 AWG was picked for the magnetic copper wire. The maximum current for the coils was set at
5A per coil for safety considerations. 13 AWG wire has a current limit of 20 A. Calculations were done assuming a
50% factor of safety, which is a current limit of 10A. The 50% factor of safety will prevent using the magnet wire to
its limit such that the wire can be used for a longer period of time before having to be changed.
The following equation was used to determine the number of turns per coil, N, with a magnetic field, B, range of
100 µT to 150 µT: 𝐵 =

4µ𝑜 𝑁𝐼
𝜋𝑎(1+Ɣ2 )√2+Ɣ2

, where a is the half the coil length, µo is the permeability in a vacuum, and Ɣ

is the relationship between the coil length and the distance between the coils. With the coil lengths set to be 34”,
36”, and 38”, the associated number of turns and wire lengths are shown in Table 2. Extra turns will be added to
round off the calculated number of turns into whole turns. Extra turns can also be added to account for calculation
error.
Table 2. Number of Turns and Total Wire Length per Coil

Coil Length [in.]

34
36
38

Number of turns
for low magnetic
field (100 µT)
5.2
5.6
5.9

Wire Length [ft.]

61
68
76

Number of turns
for high magnetic
field (150 µT)
7.9
8.5
8.8

Wire Length [ft.]

91
102
113

After the preliminary design review with our sponsor and some PolySat members, it was suggested to include heat
sinks to help dissipate heat on the PCB from the high current. Other wire gauges were also suggested to be
considered to bring down cost and weight from the coil bundles.
Initially, the complexity of the electrical systems required a powerful microprocessor, and the 32 bit arm family of
the ST processors was selected. This line of processors featured enough peripherals and clock speed to manage the
closed loop control of three coils controlled with a moderately complex power management control system, and
possibly calculate basic behaviors of an orbital simulation. As the scope of the simulations shrank, the
responsibilities of the microcontroller receded until only basic communication controls were needed. At this point, it
was deemed sufficient to use a device from the ATMEGA family, which would be cheaper and easier to program
and would use less physically intrusive programming methods. As the control method shifted to PWM, the
microcontroller responsibilities increased, but not to the point that using an ST would provide any concrete
advantages.
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3.1.3 Software Ideation
From the software development standpoint, prior to the conception of the custom GUI development, integration of
STK and MATLAB were considered but quickly discarded before the preliminary design review as a result of talks
with users of the application who claimed it was too difficult to use and needlessly complex for our purposes.
Consequentially, the idea of a custom GUI was conceived, for which three languages were considered for
implementation. The three, Python, Java, and C, were selected not only for the team’s familiarity with said
languages, but also for their relevant structure in relation to the system architecture the GUI will be required to
implement to interact with the Helmholtz cage. The choice of operating system came down to Windows 10 for, once
again, general familiarity regarding its usage, and Linux for the ease of development offered to programmers.
MacOS was left out of the concept generation process as the operating system itself is not available to the public for
implementation into custom built workstations or small-scale computers. Initial concept design for the GUI’s layout
was of complex essence, given that we planned for the software to be able to take any form of orbital element data
set and convert it to the relevant magnetic field information. At which point, we were left with a choice of using a
world map representation of the desired magnetic field to be simulated with quantifiable data shown in Euler’s
angles, or a 3D graph view of the field at any given moment.

Figure 17. Original idea for GUI with world map and TLE input

Following multiple meetings with the customers and potential users, the scope of the software was reduced in
complexity to accommodate more custom simulation workflows. The result was software that would simulate
magnetic fields from a provided list, and alert the user to any problems that might occur during simulation.

3.2 Concept Selection
3.2.1 Structural Decisions
Once we had a long list of ideas we began the selection process through the use of Pugh matrices. This allowed us
to compare ideas to one another looking at individual qualities, and see where designs are better and worse. These
visual displays led group discussions on each subcategory, allowing us to make informed decisions. This selection
will go over several key decisions, but a full set of Pugh matrices can be found in Appendix B.3.
The general shape of the cage was selected to be square. This decision will result in a cage that is easier to
manufacture than a circular cage at the size we need. Further it should result in a volume of uniform magnetic field
more representative of the CubeSats we are testing (Spherical cages make spherical volumes of uniform field, cube
cages make a cube of uniform magnetic field). From a collapsibility standpoint, we opted to use the distortion
method with a removable Z-axis as it allows us to keep all the coils rigid, protecting against fatigue of the magnetic
wire. This will ensure the cage remains operational for a long time without replacing one of the most expensive and
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time consuming parts (copper wire). A clean room box has been selected as our method for keep the spacecraft
clean as in will provide a better seal than curtains on the cage, be easier to clean when we want to use it, as well as
allow us to transport the spacecraft separate from the cage. The latter was an important factor for consideration as
the collapsed cage was very unstable and would likely be a risk to a potentially multimillion dollar spacecraft.
The best method for achieving the rotational degrees of freedom is a spherical air bearing. We have a concept for a
360° spherical air bearing, but we cannot hold the required tolerances using our available tooling. The next best
guess was an off the shelf air bearing, however this is out of our budget for this project. As a result, we chose to
stick with the piñata method where the satellite is hung from a string and spun in one axis at a time. That said, we
are designing the cage to be large enough to where a COTS spherical air bearing will fit should one become
available.

3.2.2 Electrical Decisions
After determining some of the main minimum requirements and taking safety considerations into account, we
decided to go with a COTS power supply versus designing a power supply. We decided that with currents of up to
10 A and voltages close to 40 V, it would be more reliable to utilize a power supply that has been fully tested and
commercially approved. Designing, testing, and verifying the functionality of a customized power supply would also
take extra time that could be used to progress the design of the controller board. So we decided to look for a single
power supply rated at 40 V at 12 A. We considered purchasing multiple power supplies at lower ratings but we
wanted to minimize the number of external wire connections to the PCB. However, cost for a single power supply at
higher ratings was exponentially higher than purchasing three power supplies, so in the end, we decided to purchase
three power supplies and wire them in series for a total of 40 V at 12 A.
All parts on the PCB will be COTS components. The coils will connect to the PCB through Molex connectors. The
Raspberry Pi will connect to the PCB through a USB-B connector. The data from the user will be communicated to
the coils through an FTDI and then through the chosen microcontroller. We originally decided to utilize the
ATMEGA328P-MMHR microcontroller, which is the same microcontroller on board the Arduino Uno. Most of us
have used the Arduino Uno microcontroller and it had the basic functionality necessary to accomplish what we
needed it to do. There are two 8-bit timers and one 16-bit timer, each of which would need to be allotted to an
individual coil. This would vary the resolution of one of the coils. To avoid this, we looked at other microcontrollers
in the same family and found the ATMEGA328PB-MNR, which has three 16-bit timers, meeting our needs. A
current sensing integrated circuit would be needed in series with each coil, thus the current limit would need to be at
minimum 3.6 A. The current controlling integrated circuit would have the same requirements.

3.2.3 Software Decisions
The software oriented part of the team, knowing the GUI would need to be updated in real time at relatively fast
intervals, could hence eliminate C from the choice of language for its inherently static nature. Research was
conducted into Java’s Maven library, whose object-oriented reusable classes boded well for a GUI’s development.
However, consultation with an industry software engineer led to the sentiment that Maven is needlessly difficult to
develop with. Via process of elimination, Python was deemed to be the optimal choice. Not solely chosen for lack of
other options, Python’s QT (PyQt) framework hosts a module called PySide2, which offers a plethora of GUI
development widgets, XML handling, network communication, and firmware integration options, more than
serviceable to the team’s requisitions.
The operating system would prove to be an integral junction in the budgeting process, as Windows 10 would require
a dedicated laptop or desktop, while Linux would only require a simple single-board computer such as a Raspberry
Pi (likely a difference of $1000). However, Linux, for its friendly inclination towards developing programmers, is
generally unfamiliar to aerospace engineers (people who would be using the cage). For this reason, this concern was
brought to potential users of the cage. In said meeting, it was established that so long as clear instructions were laid
out for the software’s utilization, Linux would be a suitable option, thus saving the team from accounting for a
Windows-based computer into the budget. After discussions with the customer, it was established that the program
should not do any aerospace-related calculations, but only display the magnetic field to be simulated. This was not a
matter of functionality, but rather meant as a learning experience for those using the cage, such that they may
understand what the magnetic field should look like prior to the simulation.
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3.3 Preliminary Analysis & Testing
There is very little testing we could do prior to manufacturing and assembling our cage, aside from the simple
prototypes built in class and shown in the previous sections. As the software team goes as we move out of high
level design there is some testing that can be done on the old cage with a little bit of hot-glue maintenance.
Preliminary magnetic field calculations and thermal analysis was done to get ball park coil windings and
temperatures; however these analyses have been greatly improved upon for our critical design, and will be
showcased in detail in the next section.
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4.0 Description of the Final Design
4.1 Cage Design
The design presented in this section improves upon our preliminary design presented in section 3.2 with feedback
from our conceptual design review as well as significant detailed design work to rework and optimize our design.
On a conceptual level, the main structural change includes breaking an all in one package into three distinct parts,
the cage, the clean room box, and the pedestal, as shown in Figure 18. The cage will serve its original function of
housing the copper wire required to create the magnetic fields. The clean room box will allow the satellite to
maintain a clean environment outside of the cleanroom for testing without confiding it to only be transported in the
cage. The pedestal will serve as the interface between the cage and the clean room box, both aligning the satellite
with the center of the cage and supporting the weight of the spacecraft. Each section will be outlined in the
following sections, with detailed drawings in Appendix C.1.
The standard use case for our cage will be as follows:
• User takes the clean room box into the clean room and secures the spacecraft inside
• The spacecraft is transported to the test site, where the pedestal and collapsed cage are waiting (1-2 people)
• The clean room box is placed on the pedestal (1-2 people)
• The cage is expanded from its collapsed state (2-3 people)
• The cage is lifted over the pedestal/cleanroom box and is aligned with the base of the pedestal (2 people)

Cage

Clean
Room Box

Pedestal

Figure 18. Overview of our final structural design

4.1.1 Cage (Part # 100000-102006)
The main purpose for the cage is to provide a structure for the copper wires that create the magnetic field. The cage
its self will have outer dimensions of 48” by 48” by 46”, with coil tracks of length 46.75” by 44.75” by 42”. We
have increased the size from our conceptual review by about a foot to better utilize material (U-channel comes in 8ft
sections) as well as increase the uniformity of the magnetic field at negligible cost increase. The coils will be
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labeled with the following convention through the report: the X direction is composed of the smallest coils, the Y
direction is the medium coils, and the Z direction is the largest coils. The coils will be constructed from aluminum
U-channel to provide a protected area for the copper wire, reducing the chance of fatigue failure. The coils will be
fastened using rivets, as the coils should never need to be completely disassembled.
The X and Y axis coils will be mounted to one another using a translation bracket assembly, as shown in Figure 19.
These brackets allow both rotational and translational degrees of freedom when collapsing the cage. It is made up of
2 U-channel stock slightly larger than the coil such that it nests around it with a 1/8” gap. We will fill this gap with
Delrin pads to act as a linear bushing, as shown in the exploded view in Figure 20. Initially we looked at Teflon as a
bushing material, however opted away from that for its poor wear resistance. Ultra-High Molecular Weight Poly
Ethylene (UHMWPE) has also been recommended for this purpose as a lower friction, higher wear resistance
material, and we will look closer into that before purchasing Delrin.

Figure 19. Translation bracket assembly

Figure 20. Exploded translation bracket

In addition to the linear bushings, a standard flanged shaft bushing has been selected to achieve rotational the
rotational degree of freedom in as small of a package as possible. The bushing will be pressed into one of the
translation brackets, and the shaft into the other. Again, a Delrin bushing was selected. As this is a magnetic testing
apparatus, iron components were avoided at all costs, including ball bearings. Plastic bushings will not affect the
magnetic field. 1/8” cotter pins, Figure 21, will be used to lock the cage into the set position, ensuring proper
distances between coils for testing.
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Figure 21. A cotter pin

The Z axis will be secured to the Y axis using a similar bracket, minus the rotational aspect, as seen in Figure 22.
The bracket will rivet to the Z coil, and again cotter pins will be used to properly locate the coils. The same Delrin
linear bushing scheme will be used for this application as well for alignment purposes.

Figure 22. Z Axis attachment point

Collapsing and setting the cage will be a two or three-person job to ensure neither the users nor cage is damaged
during the process. The steps are chronicled below, with color coded images:
Table 3. Collapsing Technique

Step

Image

0.

Assembled Cage
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Step

Image

1.

Remove the cotter pins holding the Z-Axis (yellow)
coils on, one coil at a time. Lift coils off.

2.

Remove the cotter pins aligning the X and Y axes,
both top and bottom of the cage.

3.

Collapse the X and Y axes until the Y axis is touching

4.

Place the Z-Axis coils around the collapsed X,Y axes

5.

Completely collapsed
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4.1.2 Clean Room Box (Part # 103000-103005)
The clean room box, shown in Figure 23, allows the satellites to be tested outside of Cal Poly’s clean room. Thus,
the clean room box must be able to maintain a clean environment. The box will be made from 4 walls that’re 11.34”
by 16” by .220”, a top that is 11.56” by 11.56” by .220”, and a base that is 12” by 12” by .708”. The base is .708”
thick to take into the extra load on it from the satellite. The top portion of the box will be made from the 4 walls and
the top using epoxy. Small pieces of acrylic will be used to bring draw latches planar to the walls of the base. To
create a seal, we’ve implemented 4 draw latches that attach to the walls and the base to close the gap between the
top and base. A slot will be machined out for the O-ring which will be compressed when the draw latches are closed.
The compressed O-ring will be what prevents more particulates from getting into the clean room box. Holes will be
drilled and tapped into the base to allow for satellite supports to be fastened. Multiple configurations will be allowed
for 1, 2, 3, 6 and 12U CubeSats to be supported.

Figure 23. Clean room box assembly
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4.1.3 Pedestal (Part # 104000-104005)
The pedestal, shown in Figure 24, will be made to support the satellite while centering the satellite inside the cage to
make sure it’s inside the uniform field. The pedestal will be made from a base, centering boards, a top board, PVC
pipe and angle brackets. The PVC pipe is 6.25” OD and 5.9” ID. The pine plywood base and top will be 23.37” by
21.25” and 12” by 12”, respectively. The base and top will have a hole drilled in the center of 6” to allow a .125”
interference fit to secure the PVC to the base and the top fixture to the PVC. Epoxy will be used if additional
securing is needed. 2x4’s will be screwed to the base that will allow for a max clearance of .12” between the
pedestal and the cage. Aluminum angles will be screwed onto the corners of the top fixture and serve to center the
clean room box on the pedestal.

Figure 24. Exploded pedestal assembly
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4.2 Rotational Degrees of Freedom
No rotational degrees of freedom will be in our design since it was not prioritized by our sponsor. Instead, we will
be focusing on making our cage design compatible with a spherical air bearing that Cal Poly’s aerospace department
has. The base of the spherical air bearing is approximately 12” by 12” so fitting it inside will be simple. We will
have to adjust the height of the cage to allow for the satellite to be in the uniform magnetic field when placed on the
spherical air bearing.

4.3 Electrical Controller
4.3.1 Overview
The PCB will obtain all details regarding current regulation from the Raspberry Pi, which is powered off a 5VDC
supply. The coils will be powered through three power supplies in series. We opted to purchase three power supplies
and apply them in series to each other instead of one higher-rated power supply for budgeting purposes. The current
to the coils will be regulated on the PCB. Each axis consists of two coils. Both coils in each axis will be wired in
series and all three axes will be wired in parallel. The coils will be wired in series on the PCB and not externally to
prevent discontinuities or accidental opens in the current flow. The Raspberry Pi will connect to the PCB and
communicate via a USB link. A high-level block diagram for the electrical subsystem overview is shown in Figure
25. The complete schematic for the PCB can be found in Appendix C.2.

Figure 25. Electrical subsystem high-level block diagram
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4.3.2 Coil Analysis
The wire gauge was revisited and we found that using 20 AWG wire would reduce cost, weight, and reduce the
maximum current through the coils. 20 AWG wire has a maximum current of 7.5 A at a 50% factor of safety of 3.75
A. This allows us to operate the coils at a lower current than our original design, which is preferred due to limited
availability of integrated circuits at higher rated current limits. The 18 AWG wire is slightly more expensive,
operates at a lower voltage, and has a lower power consumption than the 20 AWG wire. However, a bundle of 18
AWG wire requires 5 A for operation. An active and currently sold current controller component that operates at 5
A could not be found. The 20 AWG wire is less expensive than the 18 AWG and has a lower operating voltage and
power consumption than the 22 AWG wire. This analysis can be found in Appendix F, Magnetics Attachment. With
the coil lengths adjusted to 46.75” by 44.75” by 42”, each coil would require, 18.6 V, 17.2 V, and 15.9 V,
respectively. This would result in 37.2 V, 34.4 V, and 31.8 V per axis with each coil per axis in series.
The following equation was used to determine the number of turns per coil, N, with a magnetic field, B, range of
4µ𝑜 𝑁𝐼
100 µT to 150 µT: 𝐵 =
, where a is the half the coil length, µo is the permeability in a vacuum, and Ɣ
2
2
𝜋𝑎(1+Ɣ )√2+Ɣ

is the relationship between the coil length and the distance between the coils. At lengths of 46.75” by 44.75” by 42”,
the associated number of turns and wire length is shown in Table 4. Extra turns will be added to round off the
calculated number of turns into whole turns. Extra turns can also be added to account for calculation error.
Table 4. Number of Turns and Total Wire Length per Coil, Final Design

Coil Length [in.]

42
44.75
46.75

Number of turns
for low magnetic
field (100 µT)
17.5
18.6
19.4

Wire Length [ft.]

245
278
302

Number of turns
for high magnetic
field (150 µT)
26.2
27.9
29.2

Wire Length [ft.]

367
417
455

4.3.3 Power Considerations
With each axis wired in parallel, the minimum required supply voltage is 37.2 V. To save on cost, we planned to
purchase three power supplies rated at 13.8 V at 12 A and wire them in series for a total power supply rating of 41.4
V at 12 A instead of purchasing one power supply rated at 40 V at 12 A. Each power supply will connect to the PCB
through a power jack, MPN PJ-025. Heat sinks will be populated on board the PCB to dissipate the heat generated
by the high current. A voltage regulator will regulate the 40 V down to 5 V to power the integrated circuits on the
PCB. The high-level block diagram for the PCB is shown in Figure 26.

Figure 26. Controller board high-level block diagram – simplified
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4.3.4 Current Control
The Raspberry Pi will communicate the user parameters to the PCB via a USB link. A USB-B will be populated on
the PCB for this purpose. This connection will be wired to an FTDI, FT230XS-U, to instruct the microcontroller,
ATMEGA328PB-MNR, to adjust the current by altering the frequency and duty cycle of PWM signals. The chosen
ATMEGA328PB-MNR is of the same microcontroller family as the microcontroller on board the Arduino Uno. The
microcontroller used on the controller board has two more 16-bit timers than the microcontroller on the Arduino
Uno, for a total of three 16-bit timers. This will allow us to operate all three axes of coils at the same resolution.
To regulate the current, an H-bridge controller was chosen to have a maximum input of 45V and have a current limit
of 3.6 A. The chosen H-bridge MPN is DRV8872DDARQ1. This H-bridge is designed to control DC motors. The
H-bridge has controllable outputs to control the magnitude of the current as well as the direction. Varying the inputs
will configure the H-bridge to operate with forward current or reverse current. The H-bridge has two inputs.
Depending on whether IN1 or IN2 receives a PWM'ed signal or a static 0 or 1 will determine whether the output
current is in forward or reverse. The PWM signal input will also configure the H-bridge on what magnitude to
regulate the current. The SN54HC157 is a 2:1 multiplexer, which will allow us to vary the PWM and static signals
from the ATMEGA to the H-bridge to control the direction of the current.
A current sensing integrated circuit, MPN ACS711, will be wired in series with the coil to detect any open circuits.
This will catch set-up errors or faults in the coil. If any opens are detected, then there will be no current flow. This
will be caught by the current sensor so that the operator can be alerted of the concern for analysis.
The coils are connected to the PCB with four pin Molex connectors, for a total of six Molex connectors. Two of the
four pins on each connector will be used and the other two will be no-connects (NC), as shown in Figure 26. This
will act as a failsafe for user error when the operator is connecting the coils to the PCB. If the operator connects the
coil to the wrong connector on the PCB, then there will be opens in the loop and current will not flow through the
coil. This will be detected by the current sensor and alert the operator via the GUI of a set-up error. On one
connector, one pin will be an in-out and the other pin will connect to the other coil in the axis for a series
connection. Figure 26 shows the connections for one of the axes. The complete Controller Board high-level block
diagram can be found in Appendix C.2.
The H bridge circuitry will be controlled with the ATMEGA328PB microcontroller. The microcontroller will use
three 16-bit timers to generate one PWM signal per axis. In addition, each H bridge will be prefixed by two 2:1
multiplexers. The components are connected such that each axis’ H bridge can be connected to a single pin
providing a PWM signal, and another pin to control polarity. The frequency of the PWM signals will not exceed 200
KHz, as specified by the selected H bridges, but the final frequency will be determined during characterization, and
can be changed in firmware, or controlled by software if necessary. The duty cycle of the each PWM signal will
control the intensity of their respective magnetic fields. The microcontroller will interface with the attached
computer over a serial link passed through USB and converted to TTL level UART by the FTDI chip on the board.
The microcontroller will also be responsible for some safety and usability features. Each axis is equipped with a
current sensor that will be used to determine if an open has occurred in the coils. In such a case, the simulation will
cease and the software will be notified of the event. In addition, the microcontroller will expect a message from the
computer at regular intervals. If a specified amount of time has passed between messages, the device will assume
that it has lost connectivity and shut down.
The microcontroller firmware will be programmed with an AVRISP MKII or similar device over an exposed
programming header on the board. The programming pins will potentially conflict with other functions, therefore
those programming the device must set or remove specific jumpers before programming. This may be eliminated by
writing a bootloader that will use the USB connection over FTDI to load new firmware.
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4.4.1 Prototype Software GUI/Controller
The GUI is designed to be simple to use by engineers who will be provided with adequate instructions on how to
operate the cage’s calibrations and simulations. A drop-down menu of instructions is made available and
recommended to be followed as the simulation procedure will not continue with invalid input or order of operations.
It features a calibration widget to verify the coils’ accuracy and is mandated to be run before any other options can
be executed. After calibration verification, the user can choose between simulating in manual or sweep (automatic)
mode. Sweep mode is instigated by loading a CSV file in a predesignated four column format, with rows of time, x,
y, and z data. Manual mode can be triggered by inputting desired time and vector parameters to function as a
makeshift time scrubber feature. Both modes are then substantiated by a simulation-loading validation module to
ensure data is not of anomalous nature. This is done as a preventative measure since some simulations may be a
lengthy real-time process, thus saving the user from potentially wasted time. Ultimately, the program will then
output a 3D model view of the magnetic field at the specified time, which the user can then verify to be correct or
not, thus completing the simulation.

Figure 27. Final GUI mockup

Data flow (Appendix C.3) is an integral segment of the Helmholtz system functionality. At the top of the stack will
be the GUI and COM module, embodied within the Raspberry Pi 3 and output to an IPS monitor for visual
feedback. Information about the magnetic field to be simulated will be packaged as bytes within the Raspberry Pi,
visually handled by the GUI, and transmitted to the custom produced control board. The FTDI semiconductor will
receive the packet of bytes and subsequently instruct the AT Mega 328Pb 8-bit AVR microcontroller to manipulate
the current within the Helmholtz cage’s coils to produce the desired magnetic field to simulate.
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4.5 Cost Breakdown
The budget (full breakdown in Appendix C.4, rough breakdown in Table 5.) has been divvied into structural,
electrical, and software fields. A substantially smaller percentage has been allocated to the Raspberry Pi 3 and its
respective accessories (~9%) due to the removal of the necessity of a fully Windows driven laptop or workstation.
The electrical components have been allocated 50% of the budget due to the high level of interaction the custom
PCB will be required to maintain with the other aspects of the project, being the Raspberry Pi and the Helmholtz
cage’s coils. Finally, the remainder of the budget (~41%) is allocated towards the structure itself, being the coils to
power the magnetic field via current flow, the pedestal to support the CubeSat, and the cleanroom to protect the
CubeSat upon the pedestal.
Table 5. Rough cost breakdown
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Table 6. Rough cost breakdown

4.6 Analysis
To check our design, thermal and structural analyses were performed, followed by an optimization on the copper
magnet wire. Thermal analysis was conducted to check if the wires reach dangerous heat levels. Structural analysis
of the pedestal was conducted to check the safety of the satellite when being supported by the pedestal. Optimization
of the wire was conducted to minimize price while reaching desired system specifications.
For the thermal analysis, the wire bundle was modeled as a single wire with insulation around it. Free convection
and heat generation from electrical power were only considered. The results show that after approximately 200
seconds, the wire bundles reach 52 °C (125 °F). Then, the wire bundles will take about 300 seconds to completely
cool down, and after about 1 minute the wires reach 33 °C (91.5 °), which would require ~15 seconds of contact to
burn human skin. This analysis is a very conservative estimate. First, it assumes that the entire, maximum field is
generated by one coil, it will almost always be a combination of the three coils. Secondly, we assume that the only
heat loss occurs through free convection from the bundle itself. Realistically, the bundle will dump heat into the
aluminum frame, which will basically act as fins and further reduce this temperature estimate. Given the mild results
of this analysis and the generous assumptions made, no further analysis was performed. A simple thermal resistance
model was used to validate this numerical calculation with nearly the exact solution.
For the structural analysis, Euler buckling analysis was performed to assess the load capacity of our pedestal. Before
performing the analysis, we had to check if the PVC pipe had a slenderness ratio greater than 10 which is needed for
Euler buckling analysis. The slenderness ratio for the PVC pipe was less than 10 so we checked the yield strength of
our design. The yield strength of PVC was found to be 7,500 psi and a compressive stress was determined to be 30
psi. Thus, our design has a safety factor of 250 against yield.
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From the optimization, we used the generic square Helmholtz cage equation and wire specifications to develop
models for the number of turns required (related to cost), coil voltage, coil weight, and coil power for an array of
magnet wire gauges between 14 and 24 AWG. These values were then plotted so we could make an informed
decision on the optimal wire. We chose 20-gauge wire for its low cost, having a voltage under 40V for safety
concerns, and okay power consumption. 18-gauge was a strong contender as its slightly cheaper, less power, and
lower voltage, however its required current exceeded any easily attainable H-Bridge we could find.

4.7 Safety Considerations
The full breakdown of the safety checklist can be seen in Appendix H. The nature of the project, due to its
involvement with sometimes high voltages to create artificial magnetic fields, inherently requires precautions
regarding electrical hazards.
The other main safety consideration is the creation of pinch points in the collapsing and expanding of the cage.
These points are unavoidable in a collapsible design, but we ensured that they are well marked. Further, we
recommend that the cage is assembled in a quiet environment so that the multiple users can communicate with each
other effectively should an issue arise. The cage will get warm during use, but will not be hot enough to burn you as
proven through testing in section 6.5.

4.8 Maintenance
Minimal maintenance of the device will be required due to its relatively infrequent use. There’s a chance that the
linear and rotational Delrin bushing would require replacement but that is unlikely. The cage itself will likely have
to be calibrated before each use, as transportation would have involved collapsing and subsequent expanding of the
coils, which may desync the magnetic field calibration data. There will be minimal stress to the magnetic wire in the
coils. This is due to the coils being set in the aluminum channels. The user will not have to move the bundles of
magnetic wire for operations nor for storage. The PCB and on-board components will be enclosed in a box and there
should be little to no contact between the user and the PCB. The only contact would be to plug in the Raspberry Pi
USB, the power supply power jacks, and the Molex connectors to the coils. The most attention should be applied to
the Molex connectors to the coils since they will be plugged into the PCB and unplugged, possibly multiple times in
the case of user error, for each use. The software will be developed in such a fashion that it will be portable for
porting to new platforms should some component in the data flow process die, thus it will be maintainable via
generic abstraction.
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5.0 Manufacturing
5.1 Design Changes
One change that we made is the location of the UHMW PE pads within the translation bracket. Rather than placing
1/16” sheets on both the bracket and the coils themselves, we used a single piece of 1/8” instead. Most of these
pieces were placed on the brackets themselves, to make gluing easier. Table 7 shows which pads are required on
each bracket. Four of each configuration were required.
Table 7. Configurations for translation brackets

Bracket Location
X – Top
X – Bottom
Y – Top
Y – Bottom
Z

Bore Size
Large
Large
Small
Small
Two Holes

Bottom Pads
No
Yes
No
Yes
No

Side Pads
No
No
Yes
Yes
No

Strips of closed-cell foam were added to the bottom of the cleanroom box's lid to help provide a seal in addition to
the O-ring. This was done because the clamps could’ve provide the force to create a seal via compression of the Oring without the epoxy between the base and the clamp failing in shear.
Spacers for the translation brackets were made from leftover UHMW PE to prevent the translation brackets from
falling while collapsing the cage.
An aluminum plate was manufactured to fasten to the Pedestal base to lower the center of gravity and to enable an
interference fit to easily be used to join the PVC to the base. Another aluminum plate was manufactured to put onto
of the PVC that would allow the cleanroom box to be mounted to the pedestal using bolts. As A result, the interface
on the base plywood change, as well as the length of the PVC pipe.
On the cage, we used plates to support the corners of the coils rather than the L brackets that are proposed in this
report, compared in the figure below. We thought this would be an easier way to assemble the coils, but this
complicated the UHMW PE bushing locations as defined above. If we had continued with our original plan this
could have been avoided, and hence we did not change our recommended design.

Figure 28. Manufactured design vs. Proposed Design
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5.1.1 Electronics Changes

Figure 29. Updated controller board high-level block diagram – simplified

The electrical system did not change conceptually. The design still consists of a microcontroller driving the direction
and magnitude of the current through the H-Bridges. That current is then directly delivered to each axis to generate a
magnetic field. The main difference is that instead of designing a single PCB with all of these components, we
decided to purchase development boards for each main system: the ST Microcontroller, H-Bridge Motor Controller,
and Current Sense development boards. The high-level block diagram depicts how each subsystem communicates in
Figure 29. This made it possible to start testing sooner instead of waiting for a PCB to be fabricated and shipped. In
addition, purchasing and using development boards decreased design time. The PCB would have taken a significant
amount of time to design. There is also a higher chance of the development board being functional for its intended
purpose since each board has reviews from other users and has heritage. Designing a PCB risked losing unexpected
time to troubleshooting and getting another revision of the PCB fabricated.

Figure 30. Electronics box

Figure 30 shows the placement of the development boards in the electronics box. From left to right: ST
Microcontroller, Cytron H-Bridge DC motor controllers (one for each axis), current sense boards, fail safe and
connector board. The ST Micro connects to the left side of each H-Bridge DC motor controller, each board requiring
a direction control signal, a PWM control signal, and a ground. The right side of the H-Bridge DC motor controller
connects to the power supplies and the fail safe and connector board. Due to time constraints, the current sense
boards did not get included in the program. Each axis is powered by a 24V 13A power supply; each power supply
powers an H-Bridge DC motor controller. The H-Bridge motor controller has a voltage input range of 5-30V and
can drive 13A continuously, with a peak of 30A for a maximum of 10 seconds. The H-Bridge DC motor controller
outputs the PWM controlled current to the fail safe and connector board via screw terminals. The current is
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delivered straight to the coils via four-pin Molex connectors. In series with each axis are fuses, which serve as a
failsafe in the event that the current is driven too high. Each coil occupies two pins of the four-pin Molex and each
axis has the same configuration. The other two pins are left floating. This makes it such that if the user connects a
coil into a connector for the wrong axis, there will be an open and a magnetic field will not be generated. Figure 31
shows the pin designations for the fail safe and controller board.

Figure 31. Connector Configuration

5.2 Software Development
The underlying architecture of the original GUI was developed using non-standard Python libraries. The bulk of the
visual data processing was handled by the MayaVI engine, a scientific data visualization engine based on pipeline
architecture similar to that used in Envisage. An unfortunate obstacle was encountered towards the end of the
development process when it was discovered that VTK (an open-source visualization tool kit mandatory for MayaVI
to properly function) is no longer in sync with MayaVI's build dependencies (i.e. the VTK module could be
individually installed but would not be recognized by MayaVI even after PATH modifications). After several weeks
of attempting to debug these two libraries' previously-nonexistent compatibility issues, it was determined that there
was no longer any time left to be allocated towards debugging the build, and as such a less refined C program
(Appendix C.4) was created to handle the calibration simulations. The functionality is the same, minus the visual
feedback of the magnetic field in real time. Development took place on the Raspberry Pi 3 Model B.
In addition to the problems found with VTK, there were other problems found with the python Qt bindings. The UI
prototypes were initially created with Python 3, PySide 2, and Qt 5.6. After porting the prototype code to the
Raspberry Pi for a second stage of development, several issues were found with this approach. Firstly, the operating
system chosen to run on the Pi did not have packages for the required version of Qt. The initial solution to this
problem was to build the libraries from source. However, the Raspberry Pi took several hours to compile each
library, and would not report failures until all steps had been processed. The next approach was to cross-compile the
required libraries on a faster machine. While this was a viable solution for the Qt libraries, the PySide library had a
much more complicated build process, and it was evident that creating a build procedure would take more time than
was available.
After it was judged that there was not time to develop a build procedure, the versions used were downgraded. This
form of the UI used Python 2.7, Qt 4.8, and PySide 1. This allowed development on the Raspberry Pi to proceed, but
also required a re-configuration of all development environments. Ultimately, a visual layout for a UI was finalized,
and functionality was added to load and display CSV files, and provide basic validation for the setting of a local
offset. This UI can be seen in Due to time constraints, development was paused before there was time to create a
communications module for the UI. A full repository with history for the UI is available on the Raspberry Pi.
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Figure 32. Qt Gui for driving coils

The aforementioned C program's design is as follows. The user runs an executable with a CSV file of the designated
four column format. Any file extension not matching “.csv” will be rejected and prompt the user to fix it before
using the interface. This is to prevent otherwise invalid files from sending potentially harmful data to the coils down
the line. The CSV file is then analyzed line by line to scan each row of entries into a two-dimensional array. If any
line is deemed to be of invalid format (less than or more than four entries), an appropriate error message is printed,
and the program will continue to scan all further lines until the file has been thoroughly analyzed. If an error was
encountered at any point, all error messages will have already been printed (to be subsequently fixed by the user)
and the program will exit. At this point the CSV file stream is closed. The serial port for the Pi to communicate with
the NUCLEO STM32F303ZE (the ST microcontroller) is then opened (/dev/ttyS0) with the appropriate termios
options initialized and the baud rate synchronized to 57600. The program then enters a loop to scan the previously
filled double array and analyze each entry of the line individually.

Figure 33. Valid sample entry lines in a .csv file

The first number is set to be the time delay between current interpolations to be multiplied by 1000 to milliseconds.
If at any point an invalid number is encountered in the second, third, or fourth column (not between -100 and -150 or
100 and 150 µT), the program will indicate the error (and which line it occurred on) and immediately exit. Each
vector entry is first scanned to determine its negativity or positivity. A 0 is assigned to an 8-bit unsigned integer for
a negative entry, or a 1 for a positive one. The magnitude itself is then linearly assigned a value between 0 and 1800
(hardware limited representation of the magnitude for the ST to read) from the determined scale limits of 100 and
150 into a 16-bit unsigned integer. The process is first conducted for the line’s second entry (the X vector), then
repeated for the third and fourth entries (the Y and Z vectors). The six integers are then consecutively sent to the ST
for translation into a signal for the coils. The process as a whole then loops back until every line in the array has
been fulfilled. Upon completion, the UART0 file stream is closed and the program exits successfully.

5.3 Microcontroller Development
The ST microcontroller receives a package of bits from the Pi according to the user’s given vectors at an unspecified
rate of time (each package is received at the user’s specified time delay, so the coils can be fluctuated as fast or as
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slow as desired). The microcontroller then translates the first 8-bit unsigned integer into a signal the X-axis motor
controller will use to determine whether or not to flip the direction of the current (positive or negative). The
microcontroller will then translate the first 16-bit unsigned integer (between 0 and 1800) into a magnitude for the
motor controller to send to the X-coils (between 100 and 150 µT). The two previous steps are then repeated for the
Y and Z coils, in that order. Once all six bit packages have been received, translated, and sent to the motor
controller, the process will wait for the Pi’s time delay to end and subsequently await the next packages of bits.
These magnitudes were translated into duty cycles of a 20 KHz PWM signal that was sent to the H Bridges. The
direction was directly translated to an on/off signal sent to the direction pin on the H Bridges.
Development on the ST utilized the HAL libraries also provided by ST. These libraries were licensed for free user
and distribution. However, as they are several thousand lines long, they were not included in the report, and were
saved in a repository available on the Raspberry Pi.

5.4 CNC Manufacturing
During the manufacturing phase, we manufactured four distinct parts on the CNC machine. These parts included the
translation brackets (two configurations), the aluminum pedestal base plates, and the clean room box base. The
CAM’ing was done using the HSMWorks add-in for Solidworks, the standard software within the PolySat lab. The
translation brackets were machined from 1.5” by 1” by 1/8” U channel. We only machined the bores on the base of
the U, for the interference fits for the shafts and bushings, depending on the bracket. We made 9 of each to allow
mistakes during the pressing or assembling process. We varied the diameter of the bore around the bushing until we
got a good fit in the aluminum and were able to slide the shaft through with easy, a -.003” fit. We had to create a
fixture to hold the brackets in place while machining. This was done with soft jaws as seen in Figure 34. We
machined a channel into the soft jaws on the right side that we could slide the brackets into and indexed the inner
corner of this fixture. This allowed us to quickly swap out brackets and not need to touch off on individual parts,
saving lots of time off a run of 18 parts. We included a similar slot on the left side of the soft jaw to load a second
part. While we did not machine the second part, it balanced the vice, ensuring we had a good grip on the part we
were machining. If this second slot was not present, the vice would be torqued, meaning only a line of gripping
force, rather than a plane.

Figure 34. Fixturing for the translation bracket.

We used the same soft jaws to do another operation on the brackets after attempting to assemble the cage. The UChannel for the brackets got bent while doing the initial cutting on the chop saw. To correct this, we loaded the parts
the other way in the soft jaw, such that the U was facing up, and used an end mill to clean up the sides. We ended up
making the slot 1.308” in width, allowing for the thickness of the epoxy bonding the UHMWPE pads. These
dimensions have been fixed in the drawings attached. With the soft jaws machined from the prior job, this
adjustment was fairly quick to do, only a couple hours in shop. The finished parts can be seen in Figure 35.
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Figure 35. Finished translation brackets

The remained of the parts involved machining 12” by 12” plates, so we completed the CNC’ing in one more day in
the shop. A 12” by 12” plate does not typically fit in the jaws of a vise. The standard method for doing this would be
clamping the part directly to the table. Being as both of the parts had through holes, we would have needed a
sacrificial plate underneath it. Clamping to the table also requires you true each plate individually, a time-consuming
process. To avoid this, we tried mounting the tall soft jaws to the backs of the vice rather than the front, meaning we
could reference the true vice. Figure 36 shows the soft jaws loaded on the vise and Figure 37 shows the plate loaded
on top of parallels. This fixturing worked as planned, and allowed us to machine the three plates in less than 4 hours.

Figure 36. Soft Jaws loaded on the reverse of the vise

44

PolySat Helmholtz Cage

Figure 37. Side view of aluminum plate loaded in the vise.

The aluminum plate was a straight forward procedure. All features could be reached from one side, as designed. We
started with the 4 mounting holes, being sure to center drill them first. This prevented wandering of the larger drill.
Then we bored out the 6” counter bore. The bore was sized to a -.002” fit with the PVC pipe. The fit was very snug,
but easy enough to do by hand, ensuring we were not stressing the PVC too much. If we were unable to fit it by
hand we would have re-run the finishing pass with a slightly larger diameter until it fit as expected. Figure 38 shows
the finished plate.

Figure 38. Completed aluminum plate with aluminum bolts in place.

The final CNC'ed part was the clean room base. This has the O-ring grove and the bolt pattern for mounting the
spacecraft. The holes within the bolt pattern have counter bores on both sides, meaning we needed to flip the part
during machining. We referenced the center of the plate to keep the features on the top and the bottom as aligned as
possible. The cleanroom base is acrylic. For this reason, we bought a special, 62-degree drill bit made for acrylic to
prevent cracking. We also ran to machine using shop air to remove chips rather than coolant, a usual procedure for
acrylic. We opted to drill and tap the 3/8” holes by hand to keep cracking down. We used the CNC to drill a pilot
hole with the special bit. From there I used a drill press and hand tap to finish the hole. Figure 39 and Figure 40
show the completed base, with hardware and satellite standoffs installed.
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Figure 39. Top view of completed clean room base.

Figure 40. Bottom view of completed clean room base.

5.5 Cleanroom Box
Manufacturing the cleanroom box first involved laser cutting the walls and top of the lid from the stock extruded
acrylic using the laser cutter in the Mustang ‘60 machine shop located at Cal Poly. The base of the cleanroom box
was machined as detailed above using the CNC mills also in the Mustang ‘60 machine shop. To create the lid for the
cleanroom box, epoxy was used to join the edges and top together. To make sure the lid had all right angles we first
joined two sides then the top, which we knew were square. After the epoxy for the two sides and top had solidified,
we continued to add the remaining two sides to create the full lid. With the lid assembled, small piece of laser cut
acrylic were adhered to the walls of the lid at locations that would provide sufficient clamping for a seal. Repair
putty was placed on top of the small acrylic pieces to create a surface and geometry that the clamps would hook onto
well. The small acrylic pieces with putty can be seen in Figure 41. Foam strips were attached to bottom of the lid to
assist in creating a seal when clamped.
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Figure 41. Acrylic extrusions with putty attached to lid for clamps on base.

The only manufacturing to the base following the CNC’ing was attaching the clamps for maintaining a seal. The
clamps were adhered to the base with epoxy and held to the top edge of the base for consistency. A portion of the
mounts on the clamps were cut off with a band saw to make them shorter than height of the base or the clamps
would interfere when placing the cleanroom box on the pedestal. A picture of the assembled cleanroom box is
shown below in Figure 42.

Figure 42. Completely assembled cleanroom box.
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5.6 Pedestal
The first part of the pedestal was the cut the base to 21.75” wide and 23.5” long to make it fit inside the cage with
under .25” of clearance. Having the pedestal base fit closely inside the cage ensures the center of the base, which is
where we’ll mount the satellite, be centered inside the cage. The corners of the base were cut off to eliminate
interference with the brackets. 2x4’s had to be cut to make it interfere with the x-axis since it isn’t low enough to
interfere with the base. The 2x4’s were cut to 20” and using wood glue were placed parallel to the 23.5” edge with
an approximate 1/8” gap from the edge to allow room for the UHME PE bushing on the x-axis u-channel. The base
with the 2x4’s attached can be seen in Figure 43. Holes were drilled into the base that would be used to mount the
CNC’ed aluminum plate so that the center of the milled circle aligns in the center of the base. The full pedestal
could then be assembled by inserting the PVC, shown in Figure 44, then inserting the top aluminum plate into the
PVC. The mounting holes could then be used to fasten the cleanroom box to the Pedestal with aluminum bolts for
testing. The completely assembled pedestal with cleanroom box can be seen in Figure 45.

Figure 43. Pedestal base with 2x4’s adhered using wood glue.

Figure 44. Pedestal base with mounted aluminum plate and PVC inserted.
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Figure 45. Assembled pedestal and cleanroom box.

5.7 Cart
The cart was purchased from Costco Wholesale Warehouse in San Luis Obispo and assembled to allow storage and
use of all components. The cart has 5 different levels that we spaced out so the pedestal, cleanroom box, power box,
and monitor could be storage on different level. Components such as the monitor and power box were zip tied to the
cage to prevent from tipping over during transport. The pedestal is stored on the bottom of the cart to add stability
when moving the cart. Cut U-channels were zip tied to the top level of the cart to allow the cage to be hung off of
the side of the cart when collapsed for easy transportation. Bungie cords will be used to secure the collapsed cage to
the cart when stored. Electric tape was wrapped over the most outward edge of the U-channel attached to the top of
the cart to cover sharp corners in case anyone was to hit their head. The completed cart can be seen in Figure 46
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Figure 46. Assembled cart with all components stored.

5.8 Assembly
To begin the assembly, the translation brackets were CNC’ed from leftover U-channel as described previously in
Section 6.2. The UHMW PE shaft bushings were shortened down to .125” on a lathe to fit inside the .378” hole
without potentially interfering with cage coils. This shaft bushings were then press fit into translation bracket. Next,
the aluminum shaft was cut down to .4” using a band saw. The .4” was critical as if the shaft was longer it would
stick through the UHMW PE bushings and scrape on the coil’s U-channel. So, the shaft had to be shorter than the
bushing would provide between the two translation brackets. To help with press fitting the shaft, it was chamfered to
approximately a 45° on a metal grinding wheel. Finally, the shaft was press fit into the translation bracket with the
.247” hole using the manual press in the Mustang 60 machine shop. Spacers were made from leftover UHMW PE
and cut to the width and length of the translation brackets using a handsaw. A hole slightly smaller than the shaft
was then drilled into the center of the spacer to provide a slight interference fit into the shaft of the translation
bracket. The spacer was placed in between the two translation brackets.
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Figure 47. Assembled translation bracket with all UHMW PE bushings attached.

The next part of the assembly was the cage, which started by cutting the U-channels to appropriates lengths. 8 Uchannels had to be cut for each length, 46.5”, 44.5”, and 42.375”, on the aluminum chop saw in the Mustang 60
machine shop at Cal Poly. Next, the corner brackets had to be cut from the aluminum sheet using the chop saw.
With the U-channel and brackets the cage was ready to be assembled. To assemble the cage, masking tape and a
right angle were used to make squares on the floor to make a template with equal sides and equal diagonalized for
each of the pairs of coils. The appropriate U-channels were then lined up on the template and riveted one corner at a
time with a single rivet to allow relative rotation but no translation, this help position the rest of the sides. Once all
corners were riveted with a single rivet, a second rivet was placed to fix all sides of the coils. This was done for the
remaining 7 coils and their respective sizes. For the Z-axis coils, translation brackets were riveted to the closed face
on the outside of the U-channel so it can wrap around the Y-axis and be pinned to lock itself in place. The sharp
corners of the brackets were grinded down with a Dremel to eliminate the hazard of someone hitting their head on it.

Figure 48. Cage coils assembled to perfect squares

With the coils assembled, UHMW PE was installed onto the sides of the coils and inside some of the translation
brackets to help eliminate friction when collapsing. Adhering the UHMW PE to the aluminum U-channel was done
using epoxy and clamps were used to apply pressure until the epoxy cured. UHMW PE was placed on two opposing
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sides of the X-axis near the closed end of the U-channel, which is facing towards the center of the cage, so it
wouldn’t get in the way of the holes for the pins while not making the pins interfere with the wire. UHMW PE then
was placed on two opposing sides of the Y-axis to help the Z-axis slide onto it. The UHMW PE also had to be
placed nearest to the closed end of the U-channel for the same reasons previously stated. For 4 of the translation
brackets with the shaft press fit, UHMW PE had to be placed on the inside bottom of the U-channel and the inside of
the walls to constrain from side to side motion and to support the weight of the cage. For the other 4 translation
brackets with the shaft press fit, UHMW PE was just put on the sides to constrain from side to side motion. No
UHMW PE was placed on the bottom of the inside since it would be held up by the bottom brackets. For 4 of the
translation brackets with the bushing press fit, two UHMW PE just had to be put on the corners of the inside bottom
so the edges of the X-axis U-channel could rest on them. All side to side motion was already constrained with the
UHMW PE on the X-axis. The other 4 translation brackets with the bushing press fit didn’t need any UHMW PE
adhered. All edges of the UHMW PE were sanded down with a Dremel to prevent collision when collapsing and
expanding the cage. A summary of UHMW PE locations of the translation brackets can be seen in Table 7 earlier in
this document.

Figure 49. A close-up of the UHMW PE attached to the coil U-channels.

With all UHMW PE installed, the cage could be completely assembled and positioned to figure out locking pin
locations. The cage was assembled and centered with the help of the pedestal and using the required position for the
brackets taken from SolidWorks. Doing one at a time, the brackets were positioned in their appropriate locations,
clamped then two holes were drilled completely through with a 3/8” drilled bit to make way for the pin. Two holes
were drilled to prevent rotation of the coils relative to each other. Once the pin locations for X- and Y-axis coils and
translation brackets the same procedure was performed on the Z-axis but only one pin hole was drilled.
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Figure 50. A close-up of the holes in the translation bracket and coil U-channel with pins installed.

Next to prepare the coil to be wrapped with magnet wire, the inside was covered in electrical tape to prevent the
insulation from being scratched off. The coil was then wrapped with the required amount of magnet wire as
determined in Section 4.3.2. Holes were drilled through the U-channel to allow the magnet wire to come through to
the inside of the cage and have connectors attached.

Figure 51. Magnet wire inside the coil with magnet wire sticking out for connectors to attach to.

With the coils assembled and wrapped then the translation brackets assembled the cage could be completely
assembled. This required placing the translation brackets in their correct locations on the Y-axis first then sliding the
X-axis coil onto the translation brackets inside the Y-axis. The X and Y axes were then aligned so the pin holes on
the translation bracket were concentric with the pin holes in the U-channel. Once the holes were aligned, the pins
were put into the holes to lock the X- and Y-axis to each other. With the X- and Y-axis assembled, the Z-axis was
slid onto the Y-axis until the pin holes were aligned and pins were inserted to lock the position. To complete
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assembly, the full cage was lifted and placed on top of the pedestal with the cleanroom box installed while aligning
the pedestal base with the cage as this ensures the satellite is centered in the cage. The cart with the power and user
equipment was then rolled over next to the cage and connectors from the power box were connected to the
connectors on the cage.
To disassemble the cage, it is first lifted off of the pedestal and set on the ground by itself. Then the process outlined
in Table 3 is followed to collapse the cage entirely. The Z-axis coils are stored on one side of the cart while the Xand Y-axis coils are stored on the other. The bungie cords are used to secure the coils to the cart. The cleanroom box
is unscrewed from the pedestal and is taken back to the cleanroom if necessary to store the spacecraft and the
cleanroom box is brought back to the cart for storage. The pedestal is placed on the bottom shelf of the cart for
storage.

Figure 52. The assembled cage with X, Y, and Z-axes.

Figure 53. The complete assembly with the cage and cart with power and user equipment.
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6.0 Testing Results
6.1 Testing Overview
To ensure that our cage meets the specifications derived at the beginning of the project, we created the following
checklist to validate the final product, shown in Table 8. Most of the magnetic checkouts will be fully measured in
the system testing phase previously described in 5.3.4 using PolySat’s vector magnetometer, though this step was
halted based on a ground looping issues on the H-bridge controllers. The field strength and accuracy will be
measured in the center point calibration. The uniform field size will result from the spatial test. The budget
presented in this report meets our cost maximum. The power requirement grew since the conceptual design review
from 300W to 500W. Being as this is a safety issue, our system will be checked out be a certified electrician both in
the design phase and before turning the cage on for the first time. The pedestal weight test will verify a max satellite
with a factor of safety of 2.
Table 8. Verification Checklist

Spec
#

Parameter Description

Requirement or Target
(units)

Tolerance

Compliance Assurance

1

Generated Field Strength
Range

100 μT

Min

Test with Calibrated Vector
Magnetometer

2

Magnetic Vector
Accuracy

+/- .5uT

N/A

Test with Calibrated Vector
Magnetometer

3

Size

36cm Uniform Field

+/-1cm

Test with Calibrated Vector
Magnetometer

4

Budget

$3800

Max

Well Documented Budget, BOM

5

Power

500 W

Max

Power Supply Limitations

6

Satellite Weight

60 lb

Min

Test with Mass Model

7

Tipping Resistance

50 lb

Min

Tip Test

8

Clean Room Held

Pass/Fail

N/A

Fully Enclosed Chamber

6.2 Structural Testing
6.2.1 Satellite Weight
We tested the pedestal with a 200 lb weight, a factor of safety of at least 3 over the 60 lb design specification. There
were no visible deflections or failures of the pedestal. This test was a success.

6.2.2 Pedestal Tipping Test
We attempted to tip the pedestal by applying a force to the very top aluminum plate using a force gauge. On a
concrete surface, it took 12 lb of force before the pedestal started to slip. There was no indication of tipping. On a
carpet surface, it took 21 lb of force before the pedestal started to slip. There was no indication of tipping.
Attempting to tip the pedestal with a fixed pivot point (not relying of friction), the force gauge maxed out at 50
pounds, meeting specification. This test was a success.

6.2.3 Clean Room Assurance
The validation of the cleanroom box is based off a visual inspction. All of the #6-32 holes in the mounting pattern
can be plugged using aluminum #6-32 bolts and nuts, shown by the red bolts in the figure below. The larger 3/8”
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threaded holes have been plugged using 3D printed plugs that were torqued then cut to be flush with the surface, the
beige plugs in the figure below. The oring seal was presseded into the base, and a closed cell foam layed was added
to the top. When the four clamps are closed, the foam is visably compressed, ensuring a tight seal.

Figure 54. The complete assembly with the cage and cart with power and user equipment.

6.3 Electrical Testing
6.3.1 Concept Testing
Before assembling the entire electrical system, the development boards were configured in the proposed manner and
tested on PolySat’s existing Helmholtz cage. The ST Micro was configured to provide a PWM signal to the HBridge motor controller. The configuration successful generated a magnetic field with the existing Helmholtz cage.
This test set-up consisted on a single power supply supplying the system. This test verified the functionality of the
boards to generate a variable magnetic field.

6.3.2 Electrical System Testing, No Load
With the electrical system assembled, testing was conducted to verify that the PWM signal was successfully
delivered to the connectors to the coils. The ST Microcontroller drove the H-Bridges and the H-Bridges were
controlled by separate power supplies. Upon powering each H-Bridge, the PWM signal was successfully provided to
the output of the fail safe and connector board.

6.3.3 Electrical System Testing, Load
The coils were connected to the electrical system for magnetic field generation testing. Original issues were a result
of connecting the coils incorrectly to the controller board. The chosen Molex connectors were not ideal and did not
consistently make electrical contact with the electronics box. The Molex connectors were removed and the coils
were connected directly to the fail safe and connector board. This ensured an electrical connection.
Upon powering the system, the Helmholtz cage was able to generate a magnetic field. However, over time, one of
the ground wires was determined to overheat, using a thermal camera. The ground wire would heat and smoke. After
troubleshooting the issue, it was determined that the H-Bridge controller used in the design connects the grounds of
all three power supplies to one common ground. This is not ideal because each power supply runs on its own
ground. If one of the grounds on a power supply goes more negative or more positive than another power supply’s
ground, a potential difference is developed. Because the H-Bridge connected all three grounds together, the power
supply tries to account for that difference, causing the ground line to overheat, as we observed. Solutions are
suggested in Section 8.0.
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6.4 Software Testing
6.4.1 File Format
Testing on the Pi’s software began with self-contained formatting tests, with improper utilization verification
ranging from files with non-csv extensions to files with non-compliant column formatting to files with out-ofbounds data in the second, third, or fourth columns. Any of the aforementioned were verified to print the respective
error and subsequently quit when appropriate.

6.4.2 Pi UART Functionality
Pi testing then progressed to more self-contained verification, now looking at the proper opening of the Pi’s serial
communications ports. A female-to-female connector was used to connect the Pi’s RX and TX pins, with an external
program used to send bytes, receive said bytes, and verify that said bytes were received and in the proper order.
Communication was conducted with the ST microcontroller’s development process to verify the same baud rate of
transmission and reception was being used. At this time, it was also verified that due to the Pi’s little endianness, the
sending and receiving of bytes were being read and written in the correct order (opposite configurations would have
resulted in the order of the byte packages having to be reversed on either the Pi or the ST’s side).

6.4.3 Pi to ST Communications
The next stage of testing moved to communication between the Pi and the ST but without the coils themselves
(dummy loads of data). An oscilloscope was used to view if a current signal was properly pulsing on each respective
axis. A sweeping data file was used with each axis being individually tested from 100 to 150 µT with increasing
intervals of 1 while the other two axes remained constant at the lowest threshold. The pulses were then verified to
progressively pulse at stronger rates. Because the only way to verify if the Pi’s data was properly interpreted by the
ST and subsequently sent to the coils with the proper magnitudes per axis, the testing could progress to full system
testing, with the coils connected, a magnetometer placed at the center, and preparing the Pi to transmit data
according to the data flow in Figure 29.

6.5 Thermal Testing
We ran a thermal test on the cage to ensure that the temperatures of the coils did not present a safety hazard. We
conducted our testing on one of the Y-Axis coils using a constant current source. We set the current limit to 6.5
amps, the max design limit for the cage. A picture of the power supply setup can be seen below.

Figure 55. Thermal Test Power Supply.

We recorded the temperature of the coils every 15 seconds using a Etekcity Infrared Thermometer for 12 minutes.
This is much longer than we anticipated for the cage to get to steady state, we expected it to only take 3 minutes.
The transient response in these 12 minutes can be seen in the figure below. After the 12 minutes, we let the cage
run. After 25 minutes the temperature had completely leveled out between 135°F and 140°F, or 60°C, varying along
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the length. This is slightly higher than the 52.2°C prediction within Appendix F, as expected from the
simplifications our model made. This temperature was not able to burn the user, verified by physically grabbing the
copper wires with a bare hand.
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Figure 56. Transient Response of the coils.

Figure 57. Steady State Thermal Response.
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7.0 Project Management Plan
7.1 Team Dynamic
The MagCal 5 Team is an interdisciplinary team, meaning we all worked towards creating a quality product for the
PolySat lab. Sub-team consultants were as follows: Nicolas and Louie for software concerns, Alex and Jordan for
mechanical/structural concerns, and Maddie for electrical/power concerns. With that said, all high-level design
decisions were agreed upon as a group, rather than on a major by major basis, to help ensure that all subsystems are
considered to be of optimal quality. The detailed design work primarily involved members working in their
designated fields. Each team member agreed to put at least 7-10 hours a week towards this project during the
research and design phase, and continued to dedicate that amount of time towards the final manufacturing phase.
The MagCal 5 team will have weekly internal meetings on Thursdays to report research and designs to the group,
and will schedule meetings as needed for special issues/deadlines. Deadlines for tasks will be determined by the
entire team and each member is responsible for meeting the aforementioned deadlines.
Each member is responsible for bringing concerns to the attention of the rest of the team. After the concern is
discussed, the member who brought up the concern is responsible for contacting the customer (Dr. Jordi Puig-Suari)
via email (purpose being a paper trail). Contact will be conducted via the MagCal 5 email:
polysat.magcal5@gmail.com. Weekly meetings with the advisor, Dr. Widmann, will be held to ensure that the
project stays in the right direction.

7.2 Time Management
The Gantt chart is in Appendix G and shows our project timeline by month for the project. Once our CDR report
was reviewed by our customer, we began to procure parts and quickly moved into the functionality, all the while
documenting all technical specs and calibration procedures for the future members of the PolySat lab. A brief table
of deadlines is shown in Table 8. All manufacturing was completed in time to display at Expo. We ran out of time
for testing as we ran into previously described issues with the off-the-shelf components. We are still exploring the
feasibility of design alternatives.
Table 9. Manufacturing and Testing Deadlines
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8.0 Conclusions and Recommendations
The Helmholtz cage senior project is complete with its design and manufacturing phase, and has tested to the extent
of its abilities that time has permitted. To show this, analyses have been performed and all designs have been
documented with their respective justifications. This will also allow groups who want to improve upon our design to
easily start at our report. CAD models and drawings have been developed for all parts and assemblies as well as
manufacturing plans. A testing plan has also been developed for mechanical, electrical and software components.
Generous time was given to manufacturing and testing to account for difficulties. From this experience, we
recommend getting started on funding early to avoid any setbacks when purchasing parts. Getting started on
analyses and having others double-check calculations will also prevent setbacks in design so we recommended this
as well.

8.1 Electrical Recommendations
In order to resolve the ground loop issue, there are three recommended solutions. The first solution would be to
purchase a new H-Bridge motor controller board that isolates the ground of the power supply from the controller
ground. This would require little re-design. The new H-Bridge controller can drive 15A with an input voltage range
of 3-36V. This board requires a 5V input from the controller, which the ST microcontroller provides. The new HBridge would be a drop-in replacement for the current H-Bridge controller. The information for the new H-Bridge
controller can be found here: https://www.amazon.com/Quimat-H-Bridge-Circuit-DrivingArduino/dp/B06X96MNQC/ref=sr_1_24?ie=UTF8&qid=1497023390&sr=824&keywords=dual+h+bridge+motor+driver.
A second solution is to keep the current Cytron motor controllers and use one power supply, instead of three
separate modules, that can provide minimum 39A. The three axes can be wired in parallel and be driven off the
same power supply. This is a more expensive option. The Pioneer Magnetics power supply is rated for 20V and can
supply 40A. It is priced at $300. The original issue is that the H-Bridges connect the grounds for all three power
supplies to one node. Therefore, when one of the grounds becomes more negative or more positive than another,
there is a potential difference between the two grounds. This caused the ground wire between the two axes to heat
up. Using one power supply for all three axes would put them on one common ground, which prevents a potential
difference from developing between axes. The listing can be found here: http://www.ebay.com/itm/20V-40APioneer-Magnetics-Tested-Power-Supply-20D40-PM2497A-2-Teradyne-404-936-/201453820905.
A third solution is to design a PCB that isolates the controller ground from the power ground of the power supplies.
This option is potentially more expensive and will take more time to complete. The design uses optoisolators to
separate the grounds. A 24V to 5V regulator would be necessary. A high-level block diagram is shown in Figure 55.
This board would be placed in between the ST microcontroller and the H-Bridge DC motor controller.
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Figure 58. Suggested implementation of ground isolation circuitry.

8.2 Software Recommendations
The current C program being used to run simulations is fully capable of interpreting and sending all the requisite
data required for the coils to run as intended. It is, however, terminal based and therefore not very user friendly for
non-engineers. Should the user, for whatever reason, need to debug the C program, the source code has been
provided. As described before, a fully functional GUI with a real-time magnetic field display of the current field
being simulated and a CSV loading mechanism to potentially edit invalid data in real time was near the end of the
development process before the module necessary (VTK) to build it was no longer properly supported by the toolkit
(MayaVI) used to drive the display. From the standpoint of an optimal user experience, it is recommended that a
user intuitive, non-terminal based, GUI be eventually implemented with the specifications. The only consideration to
remember in keeping constant is the format of the data sent to the ST microcontroller (A 0/1 for the
negativity/positivity of the magnitude sent as an 8-bit unsigned integer, a linearly mapped representation of the
magnitude from 100-150 to 0-1800 sent as a 16-bit unsigned integer, and in the following order: X-signage, Xmagnitude, Y-signage, Y-magnitude, Z-signage, Z-magnitude).

8.3 Mechanical Recommendations
All mechanical components worked as performed but some could be improved in hind sight. All recommendations
have been mentioned in their respective sections. In summary, the U-channel corners could be cut at 45° angle and
fastened to each other by riveting an L-bracket to the interior of the coil corners. Being more precise and taking time
when drilling holes for pins and other components would smooth the functionality but isn’t critical. Certain aspects
of each component can also be redone for elegance.
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Appendix B – QFD, Decision Matrices
Appendix B.1 Complete Listing of Customer and Engineering Requirements
Customer Requirements

Engineering Requirements

Simulate earth's magnetic field

Shall be able to produce an equivalent magnetic field for a given orbit and time.
Shall be able counter the local magnetic field and superimpose the orbital field

Simple to use

Shall support automatic calibration with magnetometer input
Shall have a GUI with intuitive user interaction

Big enough to fit a CubeSat

Shall provide a volume large enough for a 12U CubeSat with uniform magnetic field
Shall provide a uniform magnetic field within 0.1 uT of the commanded magnetic field
Shall be able to support a 60lb satellite

Able to transport from room to
room of ATL

Shall be mounted on wheels capable of carrying own weight plus satellite
Shall fit through a 32" wide, 84" tall door frame

Easy to store

Shall collapse or easily disassemble for storage

Clean room safe

Shall use materials approved in a Class 100,000 clean room

Keep a satellite clean

Shall be able to be covered with clear sheeting

Affordable

Shall cost <$5,000

Calibrate multiple
magnetometers at once

Shall spatially know the magnetic environment within the cage
Shall be able to communicate with multiple magnetometers at any time
Shall communicate with the satellite via the PolySat standard umbilical while testing.

Allow testing of magnetic
actuators

Shall allow the cubesat to rotate in 1-3 rotational axes
Shall align the COM of the CubeSat with the center of rotation

Be safe

Shall insulate any high current wire
Shall rigidly hold the cubesat being tested

Reliable

Shall be operational for at least 10 years
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Appendix B.2 Quality Function Deployment (QFD)
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Appendix B.3 Decision Matrices
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Appendix C – Detailed Deign
Appendix C.1 – Mechanical Drawings
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Appendix C.2 – Electrical Schematics
Complete Controller Board High-Level Block Diagram
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Final Block Diagram
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Fail Safe and Connector Board
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Appendix C.3 – Software Diagrams
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Appendix C.4 – Source Code
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

/*
* AUTHOR: Nicolas Le Renard
* START DATE: 19 May 2017
*/
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

<stdio.h>
<stdlib.h>
<string.h>
<unistd.h>
<ctype.h>
<math.h>
<fcntl.h>
<stdint.h>
<errno.h>
<termios.h>
<sys/stat.h>
<time.h>

#define MIN_ENTRY 100.0
#define MAX_ENTRY 150.0
#define MAX_UINT16 1800
void commandLineCheck(int, char *);
void usageError();
const char *getFileNameExt(const char *);
void scanLine(char *, int *, int *, double [][4], int *);
void checkLine(int *, int *, int *);
void delay(double);
void analyzeValidity(double, int, int, int);
uint8_t analyzeFlag(double);
uint16_t analyzeMagnitude(double);
int main(int argc, char **argv) {
FILE *stream;
char line[1024];
int lineNumber = 0, entryNumber = 0;
double entries[1024][4];
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38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

int badFlag = 0;
int uart0_filestream = -1;
struct termios options;
int lineIndex;
uint8_t xFlag, yFlag, zFlag;
uint16_t xMag, yMag, zMag;
commandLineCheck(argc, argv[1]);
stream = fopen(argv[1], "r");
if (stream == NULL)
usageError();
while (fgets(line, sizeof line, stream) != NULL) {
scanLine(line, &entryNumber, &lineNumber, entries, &badFlag);
checkLine(&entryNumber, &lineNumber, &badFlag);
}
fclose(stream);
if (badFlag == 1)
exit(EXIT_FAILURE);
uart0_filestream = open("/dev/ttyS0", O_RDWR | O_NOCTTY | O_NDELAY);
if (uart0_filestream == -1) {
fprintf(stderr, "Unable to open UART\n");
exit(EXIT_FAILURE);
}
tcgetattr(uart0_filestream, &options);
options.c_iflag = 0;
options.c_oflag = 0;
options.c_lflag = 0;
options.c_cflag = 0;
options.c_cc[VMIN] = 0;
options.c_cc[VTIME] = 0;
options.c_cflag = B57600 | CS8 | CREAD;
tcsetattr(uart0_filestream, TCSANOW, &options);
for (lineIndex = 0; lineIndex < lineNumber; lineIndex++) {
delay(entries[lineIndex][0] * 1000);
analyzeValidity(entries[lineIndex][1], lineIndex + 1, 1, uart0_filestream);
analyzeValidity(entries[lineIndex][2], lineIndex + 1, 2, uart0_filestream);
analyzeValidity(entries[lineIndex][3], lineIndex + 1, 3, uart0_filestream);
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77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.

xFlag = analyzeFlag(entries[lineIndex][1]);
yFlag = analyzeFlag(entries[lineIndex][2]);
zFlag = analyzeFlag(entries[lineIndex][3]);
xMag = analyzeMagnitude(entries[lineIndex][1]);
yMag = analyzeMagnitude(entries[lineIndex][2]);
zMag = analyzeMagnitude(entries[lineIndex][3]);
printf("Sending... %d ", xFlag);
write(uart0_filestream, &xFlag, sizeof(uint8_t));
printf("%hu ", xMag);
write(uart0_filestream, &xMag, sizeof(uint16_t));
printf("%d ", yFlag);
write(uart0_filestream, &yFlag, sizeof(uint8_t));
printf("%hu ", yMag);
write(uart0_filestream, &yMag, sizeof(uint16_t));
printf("%d ", zFlag);
write(uart0_filestream, &zFlag, sizeof(uint8_t));
printf("%hu\n", zMag);
write(uart0_filestream, &zMag, sizeof(uint16_t));
}
close(uart0_filestream);
exit(EXIT_SUCCESS);
}
void delay(double milli) {
long pause;
clock_t now, then;
pause = milli * (CLOCKS_PER_SEC / 1000);
now = then = clock();
while ((now - then) < pause) {
now = clock();
}
}
void analyzeValidity(double entry, int line, int which, int fd) {
double min = MIN_ENTRY;
double max = MAX_ENTRY;
if (entry >= MIN_ENTRY && entry <= MAX_ENTRY) {
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116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.

}
else if (entry <= MIN_ENTRY * -1 && entry >= MAX_ENTRY * -1) {
}
else {
if (which == 1) {
fprintf(stderr, "X vector out of bounds on line %d\n", line);
fprintf(stderr, "Magnitude must be between %.1f and %.1f or -%.1f and -%.1f\n", min, max, min, max);
close(fd);
exit(EXIT_FAILURE);
}
else if (which == 2) {
fprintf(stderr, "Y vector out of bounds on line %d\n", line);
fprintf(stderr, "Magnitude must be between %.1f and %.1f or -%.1f and -%.1f\n", min, max, min, max);
close(fd);
exit(EXIT_FAILURE);
}
else {
fprintf(stderr, "Z vector out of bounds on line %d\n", line);
fprintf(stderr, "Magnitude must be between %.1f and %.1f or -%.1f and -%.1f\n", min, max, min, max);
close(fd);
exit(EXIT_FAILURE);
}
}
}
uint8_t analyzeFlag(double entry) {
if (entry < 0)
return 0;
else
return 1;
}
uint16_t analyzeMagnitude(double oldEnt) {
double entry = fabs(oldEnt);
return (entry - MIN_ENTRY) / (MAX_ENTRY - MIN_ENTRY) * (MAX_UINT16);
}
void commandLineCheck(int argc, char *filename) {
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155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.

if (argc < 2) {
fprintf(stderr, "Executable (./helmholtz) requires .csv file as argument\n");
exit(EXIT_FAILURE);
}
if (strcmp("csv", getFileNameExt(filename)) != 0) {
fprintf(stderr, "File extension must be .csv\n");
exit(EXIT_FAILURE);
}
}
void usageError() {
fprintf(stderr, "Usage: ./helmholtz *.csv\n");
fprintf(stderr, "4 entries per line separated by commas\n");
fprintf(stderr, "Entry 1: Time\n");
fprintf(stderr, "Entry 2: X vector\n");
fprintf(stderr, "Entry 3: Y vector\n");
fprintf(stderr, "Entry 4: Z vector\n");
fprintf(stderr, "Example: 1,150,-100.01,125.99\n");
exit(EXIT_FAILURE);
}
const char *getFileNameExt(const char *filename) {
const char *dot = strrchr(filename, '.');
if (!dot || dot == filename)
return "";
return dot + 1;
}
void scanLine(char *line, int *entryNumber, int *lineNumber, double entries[][4], int *badFlag) {
char *pt;
double entry;
pt = strtok(line, ",");
while (pt != NULL) {
entry = atof(pt);
if (*entryNumber > 3) {
fprintf(stderr, "Too many entries on line %d\n", *lineNumber + 1);
*badFlag = 1;
return;
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194.
}
195.
entries[*lineNumber][*entryNumber] = entry;
196.
(*entryNumber)++;
197.
pt = strtok(NULL, ",");
198.
}
199. }
200.
201. void checkLine(int *entryNumber, int *lineNumber, int *badFlag) {
202.
if (*entryNumber == 0) {
203.
fprintf(stderr, "Line %d is empty\n", *lineNumber + 1);
204.
*badFlag = 1;
205.
}
206.
else if (*entryNumber < 4) {
207.
fprintf(stderr, "Too few entries on line %d\n", *lineNumber + 1);
208.
*badFlag = 1;
209.
}
210.
*entryNumber = 0;
211.
(*lineNumber)++;
212. }
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Appendix C.5 – Bill of Materials
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Appendix C.6 – Manufacturing Checklist

111

PolySat Helmholtz Cage

Appendix D – Vendor Information
Distributor

Contact: E-mail

Contact: Phone

Address
701 Brooks Avenue South,
Thief River Falls, MN 56701
USA

Website

Digi-Key Electronics

sales@digikey.com

218-681-6674

Manufacturer
Allegro MicroSystems,
LLC
Caltron Components
Corp.

Contact E-mail

Contact: Phone

Address

Website

jmorgese@caltroncomponents.com

408-748-2140

3350 Scott Blvd. Bldg. 31
Santa Clara, CA 95054

http://www.allegromicro.com/

CUI Inc.

Form must be filled out for e-mail
support

503-612-2300

Future Technology
Devices International Ltd.

sales1@ftdichip.com
support1@ftdichip.com

+44 (0) 141-4292777

Microchip Technology

Account needed for e-mail support

949-462-9523

Molex

Form must be filled out for e-mail
support

630-969-4550

Tekpower

info@tekpower.us

909-628-6088

Texas Instruments

Account needed for product support

972-995-2011

Dallas, TX 75226-0199

http://www.ti.com/

Wakefield-Vette

Form must be filled out for e-mail
support

603-635-2800

33 Bridge St, Pelham, NH
03076

http://www.wakefield-vette.com/
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20050 SW 112th Avenue
Tualatin, OR 97062
Unit 1, 2 Seaward Place
Centurion Business Park,
Glasgow
G41 1HH United Kingdom
25950 Acero St. Suite 200
Mission Viejo, CA 92692
USA
2222 Wellington Court,
Lisle, IL 60532-1682
5185 Cliffwood Dr.
Montclair, CA 91763 USA

http://www.digikey.com/

http://www.cui.com/

http://www.ftdichip.com/

http://www.microchip.com/
http://www.molex.com/molex/home
http://tekpower.us/
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Appendix E – Vendor Specification Sheets
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Datasheets of Final Development Boards
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Appendix F – Detailed Analysis
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ENGINEERING DATA SHEET
Prepared

1/3
ARN

Checked

JMS

2/11/17

Approved

MAT

2/12/17

Sheet No.

Helmholtz Cage Thermal Analysis

Schematic

Assumptions
•
•
•
•
•
•
•
•

Entire magnetic field created by one coil (max current)
Bundle is a cylinder
Neglect convection/conduction through aluminum frame
1D Problem (Temperature only varies with time)
No forced air movement
Constant Temperature through bundle
Properties evaluated as cross section area weighted average of enamel and copper
Room Temperature = 25 °C
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ENGINEERING DATA SHEET
Sheet No.
Prepared

Helmholtz Cage Thermal Analysis

Checked
Approved

2/3
ARN
JMS
MAT

Date

2/11/17
2/11/17
2/12/17

Analysis
Properties- Cross-Section based weighted average for wire specific heat, conductivity, and density.

Biot Number- To check the validity of our time dependent, 1D model, check the Biot Number. ‘h’ was
calculated using the EES free conduction function for a cylinder suspended in air

This allows us to use the general lump capacitance method (LCM),
Energy Balance
With
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And

ENGINEERING DATA SHEET
Sheet No.
Prepared

Helmholtz Cage Thermal Analysis

Checked
Approved

3/3
ARN
JMS
MAT

Date

2/11/17
2/11/17
2/12/17

Results

Letting EES solve the differential equation, we find a steady state temperature of 52.2°C after ~200 seconds.
This is a very conservative estimate being as it neglects the aluminum U channel that surround the bundle,
basically acting as a heat sink.

Similarly we ran the code without the heat generation term and an initial temperature of 52.2°C to find a cooling
curve. While 52.2°C will not instantly burn human flesh, placing a 1 minute wait period after tests will assure
that the coils are fully capable of being handled (34°C).
140

PolySat Helmholtz Cage

141

PolySat Helmholtz Cage

ENGINEERING DATA SHEET
Sheet No.
Prepared

Magnetics Attachment

Checked
Approved

1/3
ARN
JMS
MAT

Date

2/11/27
2/11/17
2/12/17

This attachment will outline how we optimized the wire gauge used in our Helmholtz cage. All properties of each wire
came from our wire supplier: https://powerwerx.com/magnet-wire

Schematic
2a
2b

Assumptions
•

The coil sizes (2a) were assumed to be 48”, 44”, and 40”

•

Assumed ideal spacing between coils to be 𝛾 =

•
•
•

Desired field is 150 µT, 50% higher than minimum required
The max current run is 50% of the current limit of the wire
The coils in each axis are wired in series

2𝑏
2𝑎

= .5445

Main Equations
•

Generic square Helmholtz cage equation, where µo = permeability of air:

•

Power Dissipated

•

𝑃 = 𝐼2 𝑅
Coil properties (weight, resistance, cost, etc.) calculated using length
𝑙 = 4 ∗ 2𝑎
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ENGINEERING DATA SHEET
Sheet No.
Prepared

Magnetics Attachment

Checked
Approved

2/3
ARN
JMS
MAT

Date

2/11/27
2/11/17
2/12/17

Results

We selected a wire gauge of AWG 20 for the following reasons
• Minimize cost, < 3% between 20 and 22 gauge wires
• Voltage remains under 40 V for each axis for safety purposed
• The current in the wire (not show on the plot above) is below 3.5 V, the current limit on readily available HBridges for controller design
Full data sets are shown on the next page.
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ENGINEERING DATA SHEET
3/3
ARN
JMS
MAT

Sheet No.
Prepared

Magnetics Attachment

Checked

Cost
[$]

Weight
[ lb ]

Resistance
[ohms]

Voltage
[v]

Power
[W]

2/11/27
2/11/17
2/12/17

Length
[1000 ft]

N turns

Unit
Resistance

Diameter
[in]

Unit Weight
[lb/1000ft]

Wire Cost
[$/ft]

Mod I limit
[A]

I Limit
[A]

Gauge
[AWG]

Approved

Date

0.190
0.234
0.308
0.410
0.616
1.437

126
96
83
72
70
110

4.8
3.7
3.0
2.5
2.4
3.5

0.49
0.96
2.00
4.23
10.2
37.6

4.1
6.2
10
15
25
39

35
40
50
59
63
41.

0.199
0.260
0.337
0.444
0.674
1.579

132
107
90
78
77
121

5.0
4.1
3.3
2.8
2.6
3.9

0.51
1.06
2.19
4.58
11.1
41.3

4
6
10
17
27
43

37
45
54
64
69
45

0.224
0.288
0.368
0.48
0.72
1.712

148
118
99
84
82
131

5.6
4.5
3.6
3.0
2.8
4.2

0.57
1.18
2.39
4.95
11.9
44.8

4
7
11
18
29
47

41
49
59
69
74
49

40” Coil
14
16
18
20
22
24

17
13
10
7.5
5
2.1

8.5
6.5
5
3.75
2.5
1.05

0.332
0.206
0.134
0.088
0.057
0.038

12.6
7.9
5.0
3.1
1.9
1.2

0.066
0.052
0.042
0.033
0.026
0.021

2.57
4.09
6.51
10.3
16.5
26.1

13
16
21
28
42
98

44” Coil
14
16
18
20
22
24

17
13
10
7.5
5
2.1

8.5
6.5
5
3.75
2.5
1.05

0.332
0.206
0.134
0.088
0.057
0.038

12.6
7.9
5.0
3.1
1.9
1.2

0.066
0.052
0.042
0.033
0.026
0.021

2.57
4.09
6.51
10.3
16.5
26.1

13
17
22
29
44
103

48” Coil
14
16
18
20
22
24

17
13
10
7.5
5
2.1

8.5
6.5
5
3.75
2.5
1.05

0.332
0.206
0.134
0.088
0.057
0.038

12.6
7.9
5.0
3.1
1.9
1.2

0.066
0.052
0.042
0.033
0.026
0.021

2.57
4.09
6.51
10.3
16.5
26.1
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ENGINEERING DATA SHEET
Sheet No.
Prepared

Satellite and Cleanroom Box
Pedestal Structural Analysis

Checked
Approved

Schematic
1st model: 3 1.625” OD .5625” ID PVC Pipes 15.93” Tall

2nd model: 1 6.25” OD 5.9” ID PVC Pipe 15.93” Tall

Assumptions
• None
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ENGINEERING DATA SHEET
Sheet No.
Prepared

Satellite and Cleanroom Box
Pedestal Structural Analysis

Checked
Approved

2/3
JMS
ARN
MAT

Date

Analysis
1st Model:
Slenderness Ratio
𝑙
𝑙
15.9 [𝑖𝑛]
=
=
= 37.2
𝑟
𝐼
4
0.33 [𝑖𝑛 ]
√
𝐴 √
1.83 [𝑖𝑛2 ]
Critical Buckling Load
𝐹=

𝜋 2 𝑛𝐸𝐼 𝜋 2 ∗ .25 ∗ .348𝐸6 [𝑝𝑠𝑖] ∗ .337 [𝑖𝑛4 ]
=
= 1140 𝑙𝑏𝑓
𝑙2
15.9 [𝑖𝑛]

Safety Factor
𝑆𝐹 =

3 ∗ 1140 [𝑙𝑏𝑓]
= 34.2
100 [𝑙𝑏𝑓]

2nd Model:
Slenderness Ratio
𝑙
𝑙
15.9 [𝑖𝑛]
=
=
= 7.4
𝑟
𝐼
4
15.42 [𝑖𝑛 ]
√
𝐴 √
3.34 [𝑖𝑛2 ]
Critical Buckling Load
𝐹=

𝜋 2 𝑛𝐸𝐼 𝜋 2 ∗ .25 ∗ .348𝐸6 [𝑝𝑠𝑖] ∗ 15.42 [𝑖𝑛4 ]
=
= 52,200 𝑙𝑏𝑓
𝑙2
15.9 [𝑖𝑛]

Safety Factor
𝑆𝐹 =

52200 [𝑙𝑏𝑓]
= 522
100 [𝑙𝑏𝑓]

Normal Stress
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =

100 [𝑙𝑏𝑓]
= 30.0 [𝑝𝑠𝑖]
3.33 [𝑖𝑛2 ]

Safety Factor Yielding
𝑆𝐹 𝑦𝑖𝑒𝑙𝑑 =

7,500 [𝑝𝑠𝑖]
= 250
30.0 [𝑝𝑠𝑖]
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ENGINEERING DATA SHEET
Sheet No.
Prepared

Satellite and Cleanroom Box
Pedestal Structural Analysis

Checked
Approved

3/3
JMS
ARN
MAT

Date

2/11/17
2/12/17
2/12/17

Results
The 1st model had a more complicated design, lower safety factor and was more expensive than the 2nd model
thus the 2nd model is being chosen.
The slenderness ratio for the 2nd model design wasn’t greater than 10 thus we couldn’t completely rely on Euler
Buckling Analysis for the structural analysis and yielding via crushing had to be considered. With a
conservative yield strength of 7,500 psi found from online data sheets, a safety factor against yield was
determined to be 250. With a safety factor of 250 against crushing, we do not have any reason to be concerned.
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Appendix G – Gantt Chart
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Appendix H – Safety Check List
SENIOR PROJECT CONCEPTUAL DESIGN REVIEW HAZARD IDENTIFICATION
CHECKLIST

Y
N
  Will any part of the design create hazardous revolving, reciprocating,
running, shearing, punching, pressing, squeezing, drawing, cutting,
rolling, mixing or similar action, including pinch points and sheer
points?
  Can any part of the design undergo high
accelerations/decelerations?
  Will the system have any large moving masses or large forces?
  Will the system produce a projectile?
  Would it be possible for the system to fall under gravity creating
injury?
  Will a user be exposed to overhanging weights as part of the
design?
  Will the system have any sharp edges?
  Will all the electrical systems properly grounded?
  Will there be any large batteries or electrical voltage in the system
above 40 V either AC or DC?
  Will there be any stored energy in the system such as batteries,
flywheels, hanging weights or pressurized fluids?
  Will there be any explosive or flammable liquids, gases, dust fuel
part of the system?
  Will the user of the design be required to exert any abnormal effort
or physical posture during the use of the design?
  Will there be any materials known to be hazardous to humans
involved in either the design or the manufacturing of the design?
  Can the system generate high levels of noise?
  Will the device/system be exposed to extreme environmental
conditions such as fog, humidity, cold, high temperatures, etc.?
  Will the system easier to use safely than unsafely?
  Will there be any other potential hazards not listed above? If yes,
please explain below?
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